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medial pre-frontal cortex, 133 
refractory period, 133 
refractory period, absolute, 
refractory period, relative, | 
self-stimulation, 125, 133 
ventral midbrain, 125 
Lateral olfactory tract, 353 
accessory olfactory tract 
amygdala 
autoradiography 
delayed deficit 
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recovery, 375 
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hyperphagia, 271 
hyperthermia, 161 
hypothalamus, 271 
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hamster 
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nest building 
sexual behavior, male hamsters 
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spawning 
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gastric erosions, 739 
hippocampal generators, 467 
immobilization, 739 
lesions, hypothalamic, 1117 
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Light deprivation, 437 
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brain stimulation reward 
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conditioned taste preference 
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fixed interval, 609 

food availability, 139 
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light intensity, 205 
lung pathology, 483 
schedule-induced behavior, 609 


social stress, 483 
squirrel monkey, 205 
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food preference, 1097 
intermeal interval, 911 
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Zucker rats, 911 
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Zucker rats, 911 
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stumptail macaque 
Memory, 525 
appetitive task 
continuous reinforcement schedule 
discrimination learning 
vasopressin 
Memory inhibition, 1025 
cycloheximide 
protein synthesis 
taste aversion 
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Y-maze performance 
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intake/output monitoring 
mice 
Metabolism, 641 
circadian rhythms 
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meal size 
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multi-unit telemetric recording, 697 
taste discrimination task, 707 
3-Methyl-histamine, 1035 
exploratory behavior 
hippocampus 
histamine receptors 
open field 
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catecholamine systems 
lateral hypothalamic syndrome 
locomotion 
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postural support 
recovery of function 
serotonergic system 
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intake/output monitoring, 177 
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strain differences, 199 
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behavior 
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stress 
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amygdala, 687 
defensive behavior, 791, 1117 
hyperreactivity, 791 
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acute drug administration, 441 thermoregulation, 857 
analgesia, 959 Neural plasticity, 797 
audiogenic analgesia, 597 anteromedial cortex 
chronic drug administration, 441 behavioral plasticity 
diabetes, 987 lesions, neonatal frontal cortex 
drinking, 23 mediodorsal thalamus 
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nociceptive threshold, 5 monkeys 


opiate receptors 
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opiate receptors, 441 retrobulbar paralysis 
opiates, 959, 987 Nictitating membrane, 769 
oropharyngeal factors, 23 classical conditioning 
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tail pinch, 959 Nictitating membrane reflex, 1041 
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water deprivation, 23 low-torque potentiometer 
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analgesia, 39 rabbit 
appetite, 39 response latency 
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taste preference Dahl rats, 1083 
Neonatal rat, 437 dietary sodium, 1083 
light deprivation epinephrine, 103, 1083 
paradoxical sleep hypertension, 103 
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slow-wave sleep plasma catecholamines, 103, 1083 
Nest building salt-sensitivity hypertension, 1083 
accessory olfactory tract, 353 stress, 103, 1083 
amygdala, 353 sympathetic nervous system, 103 
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food piling, 353 muscimol 
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acute drug administration, 441 
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chronic drug administration, 441 
diet palatability, 569 
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flavor preferences, 569 
food intake, 1059 
food preferences, 117 
gender and energy balance, ‘ 
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hyperphagia, 117 
intermeal interval, 911 
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meal pattern, 911 
meal size, 911 
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opiate receptors, 441 
sex differences, 545 
sex hormones, 545 
starvation, 545 
weight gain, 569, 1059 
Zucker rats, 911, 1059 
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Odor intensity, 149 
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learning 
odor quality 
olfactometer 
Odor quality, 149 
conditioned odor aversion 
learning 
odor intensity 
olfactometer 
Odorants, 927 
chemosensitivity 
ethmoid nerve 
olfactory threshold 
trigeminal nerve 
Odoriferous stimuli, 231 
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estradiol 
hypothalamus 
plasma sex steroids 
Sa-reductase 
sociosexual deprivation 
testosterone 
Offensive behavior, 697 
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defensive behavior 
dorsal raphe neurons 
fear 
multi-unit telemetric recording 
serotonergic neurons 
Olfactometer, 149 
conditioned odor aversion 
learning 
odor intensity 
odor quality 
Olfactory bulbectomy 
afterdischarges, 687 
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amygdala, 687 
kindling, 687 


lesions, amygdala, 289 
lesions, midbrain raphe, 289 
muricide, 289, 687 
A’-tetrahydrocannabinol 
Olfactory preferences, 667 
lactating females 
maternal pheromones 
Mongolian gerbils 
paternal pheromones 
scent glands 
Olfactory system, 31 
deafferentation 
sexual behavior, male mice 
ultrasonic vocalizations 
vomeronasal system 
Olfactory threshold, 927 
chemosensitivity 
ethmoid nerve 
odorants 
trigeminal nerve 
Ontogeny, 939 
hypothermia 
nonmonotonic age changes 
Pavlovian conditioning 
rat pups 
retrograde amnesia 
Open field 
adrenal medulla, 103 
age differences, 893 
brightness discrimination, 619 
developmental differences, 893 
epinephrine, 103 
exploration, 749 
exploratory behavior, 1035 
habituation, 619 
hippocampus, 1035 
histamine receptors, 1035 
hyperactivity, 749 
hypertension, 103 
inter-individual differences, 619 
lesions, electrolytic, 749 
lesions, median raphe nucleus, 749 
limbic-midbrain circuit, 749 
memory retention, 619 
3-methyl-histamine, 1035 
norepinephrine, 103 
plasma catecholamines, 103 
stress, 103 
sympathetic nervous system, 103 
time of insult, 893 
Y-maze performance, 619 
zine deficiency, 893 
Operant conditioning, 7 
early life undernutrition 
food reward 
motivation 
Opiate receptors 
acute drug administration, 441 
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chronic drug administration, 441 
eating, 441 
8-endorphin, 195 
nalorphine, 195 
naloxone, 441 
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Pancreatic glucagon, 313 
body temperature 
conditioned taste aversion 
drinking 
eating 
gut peptides 
satiety 

Paradoxical sleep 
hippocampal generators, 467 
lesions, septal, 467 
light deprivation, 437 
neonatal rat, 437 
sleep-wake cycle, 437 
slow-wave sleep, 437 
theta rhythms, 467 

Parkinsonism, 335 
akinesia 
catecholamine systems 
lateral hypothalamic syndrome 
locomotion 
methysergide 


stress, 959 

tail pinch, 959 
Oropharyngeal factors, 23 
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flavor 
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taste 

water deprivation 
Orosensory stimuli, 591 

caloric regulation 

cholecystokinin 
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meal size 

satiety 

sucrose intake, suppression 

taste 
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adenylate cyclase, 1073 
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cAMP, 1073 recovery of function 


estrogen, 963, 1073 serotonergic system 

fat distribution, 963 Passive avoidance 

guanosine triphosphate, 1073 acquisition, | 

lordosis. 1073 active avoidance, | 
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antivasopressin serum, 45 
footshock, | 
hyperprolactinemia, | 
memory reactivation, 585 
memory retrieval, 585 
retrograde amnesia, 585 
septo-hippocampal system, 45 

Paternal pheromones, 667 
lactating females 
maternal pheromones 
Mongolian gerbils 
olfactory preferences 

P300 wave, 711 scent glands 

Pavlovian conditioning, 939 
hypothermia 
nonmonotonic age changes 
ontogeny 
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retrograde amnesia 

Paw pinch, 565 
consummatory behavior 
ear pinch 
eating 
neck pinch 
pain 
stress-induced feeding 
tail pinch 
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ACTH, 497 

Pain rating, 1090 angiotensin II, 841, 885 
electrical skin stimuli arginine vasopressin, 635 
electromyogram bombesin, 505, 521 
electrooculogram cholecystokinin, 591 
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environmental temperature, 219 self-stimulation 
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diencephalon movement disorders, 755 
intracranial self-stimulation muscimol, 755 
medial forebrain bundle nucleus tegmenti pedunculo-pontinus, 
mesencephalon substantia nigra, 755 
monophasic pulse pair technique Pigment mutations, 389 
substantia nigra albino locus 
temporal interactions circadian rhythms 
Periocular stimulation, 1041 pinkeye-dilute locus 
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low-torque potentiometer Pilocarpine, 307 
nictitating membrane reflex antidepressants 
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eating, 281 dietary sodium, 1083 
estrogen, 601 epinephrine, 103, 1083 
estrous cycle, female rat, 601 hypertension, 103 
food aversion, 281 norepinephrine, 103, 1083 
preputial gland, 601 open field, 103 
progesterone, 601 salt-sensitive hypertension, 1083 
species recognition, 281 stress, 103, 1083 
Pheromones, maternal 67 sympathetic nervous system, 103 
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maternal behavior circadian rhythms 
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Photoperiod, 847 food restriction 
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castration Plasma glucose, 259 
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Pig, 521 Plasma sex steroids, 231 
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intracranial self-stimulation, 63 play fighting 





social development lactation 
Play fighting, 649 Prenatal stimulation, 627 

lesions, septal maternal behavior 

play pup-killing 

social development pup retrieval 
Polydipsia, 807 testosterone 

adjunctive behavior Preoperative gentling, 1117 

d-amphetamine aggression 

conditioned stimuli defensive behavior 

drinking lesions, hypothalamic 

schedule-induced behavior lesions, medial accumbens 
Polyethylene glycol, 417 lesions, septal 

2-deoxy-D-glucose muricide 

diurnal feeding reactivity 

eating Preoptic area, 161 

hepatic vagotomy hyperthermia 

hypertonic saline hypothermia 

insulin lesions, electrolytic 

liver, rat thermoregulation 
Polyols, 1065 Preputial gland, 601 

conditioned taste aversion estrogen 

disaccharides estrous cycle, female rat 

gerbils pheromones 

monosaccharides progesterone 

sugars Pre-weanling rat, 67 
Polyuria, 635 innate stimulus 

body weight pheromones, maternal 

circadian rhythms Prey catching, 497 

diabetes insipidus ACTH fragments 

drinking amphibians 

eating Bufo bufo 

lithium habituation 

renal concentrating mechanism Primaries, 57 

urinary concentration psychophysics 
Pontine periventricular gray, 155 taste 

estrogen tone 


female rat 
lesions 
lordosis 


Primate, 653 
biofeedback 
blood pressure 


progesterone cardiovascular conditioning 
sexual behavior heart rate 
soliciting behavior hippocampal rhythmic slow activity 
Positive reinforcement, 869 Progesterone 
medial prefrontal cortex age differences, 733 
self-stimulation estradiol, 733 
sulcal prefrontal cortex estrogen, 155, 601 
Postero-lateral hypothalamus, 447 estrous cycle, female rat, 601 
conditioned reinforcement female rat, 155 
perceptual cues lesions, 155 
reward lordosis, 155 
self-stimulation pheromones, 601 
Postural support, 335 pontine periventricular gray, 155 
akinesia preputial gland, 601 
catecholamine systems rhesus monkeys, 733 
lateral hypothalamic syndrome sexual behavior, 155 
locomotion sexual behavior, female monkey, 733 
methysergide soliciting behavior, 155 
Parkinsonism Prolactin 
recovery of function ACTH, 259 
serotonergic system aggression, 995 
Prefrontal cortex, 797 cholic acid, 53, 631 
anteromedial cortex core temperature, 259 
behavioral plasticity corticosterone, 259 
lesions, neonatal frontal cortex cortisol, 995 
mediodorsal thalamus defecation, 259 
neural plasticity dominance, 995 
recovery of function emotionality, 259 
Pregnancy, 393 lactation, 631 
body weight regulation liver, 53 
diet selection liver cytosol, 631 
dietary obesity maternal pheromone, 53, 631 
eating plasma glucose, 259 





selected rat lines, 259 
serum free fatty acids, 259 
sex differences, 53 
sexual behavior, male monkey, 995 
stress parameters, 259 
talapoin monkeys, 995 
testosterone, 995 
Protein 
carbohydrate, 301 
chicks, 1097 
diet self-selection, 301, 1097 
eating, 301 
economics of food choice, 1097 
fat, 301 
food preference, 1097 
meal patterns, 1097 
obese (ob/ob) mice, 301 
Protein-calorie malnutrition, 513 
amino acids 
flavor preferences 
human infants 
taste 
Protein synthesis, 1025 
cycloheximide 
memory inhibition 
taste aversion 
Psychomotor excitation, 195 
cats 
8-endorphin 
nalorphine 
opiate receptors 
Psychophysics, 57 
primaries 
taste 


tone 
Pup cannibalism 
body weight, 857 
food hoarding, 855, 857 


hamsters, 855, 857 
knife cuts, hypothalamic, 857 
litter size regulation, 857 
maternal behavior, 855, 857 
medial anterior hypothalamus, 857 
medial preoptic area, 857 
nest building, 857 
thermoregulation, 857 
Pup-killing 
age differences, 171 
maternal behavior, 627 
maternal environment, 171 
prenatal stimulation, 627 
pup retrieval, 627 
sex differences, 171 
strain differences, 171 
test duration, 171 
testosterone, 627 
Pupillary changes, 851 
cats, immobilized 
conditioned response 
pupillometer 
Pupillometer, 851 
cats, immobilized 
conditioned response 
pupillary changes 
Pup retrieval, 627 
maternal behavior 
prenatal stimulation 
pup-killing 
testosterone 


Quiet wakefulness, 425 
arterial pressure 
desynchronized sleep 
electroencephalogram 
electromyogram 
heart rate 
synchronized sleep 

Quinto-frontal tract, 237 
aphagia 
chicks 
lesions, hypothalamus 
lesions, thalamus 


Rabbit 
accessory abducens nucleus, 1041 
classical conditioning, 769, 1029 
eyelid responses, 769 
lesions, dorsolateral pons, 1029 
low-torque potentiometer, 1041 
nictitating membrane, 769 
nictitating membrane reflex, 1041 
nictitating membrane response, 1029 
periocular stimulation, 1041 
response latency, 1041 
retractor bulbi muscle, 1041 
Rabbit, conscious, 213 
arousal 
electrocorticogram 
lactation 
suckling behavior 
Rat, 979 
anosmia 
aspartame 
baboon monkeys 
chorda tympani 
glossopharyngeal nerve 
neohesperidin dihydrochalcone 
taste preference 
Rat pups, 939 
hypothermia 
nonmonotonic age changes 
ontogeny 
Pavlovian conditioning 
retrograde amnesia 
Rat surgery, 181 
surgical headholder 
Reaction time, 681 
Achilles tendon reflex 
motor preparation 
reflex facilitation 
Reactivity 
aggression, 1117 
defensive behavior, 1117 
environmental change, 1077 
environmental enrichment, 1077 
environmental restriction, 1077 
lesions. hypothalamic, 1117 
lesions, medial accumbens, 1117 
lesions, septal, 1077, 1117 
muricide, 1117 
preoperative gentling, 1117 
septal rage, 1077 
Receptive field, 945 
monkeys 
neuromuscular blocking agents 
retrobulbar paralysis 
Recovery 
abdominal vagotomy, 367 
cellular dehydration, 367 
chronic hypodipsia, 367 
drinking, 367 





drinking dependence on injection route, 367 


globus pallidus, 375 
hypertonic saline, 367 
lesions, 375 
sensorimotor neglect, 375 
somatosensory orientation, 375 
strain differences, 375 
Recovery of function 
adipsia, 323 
akinesia, 335 
anteromedial cortex, 797 
aphagia, 323 
behavioral plasticity, 797 
catecholamine systems, 335 
disconnection syndromes, 323 
drowsiness, 323 
EEG, 323 
lateral hypothalamic syndrome, 335 
lesions, neonatal frontal cortex, 797 
locomotion, 335 
mediodorsal thalamus, 797 
methysergide, 335 
neural plasticity, 797 
Parkinsonism, 335 
postural support, 335 
prefrontal cortex, 797 
serotonergic system, 335 
sleep-recording, 323 
sleeping/waking pathology, 323 
**somnolence,”’ 323 
Rectum, 191 
activity-stress ulcers 
colon 
tissue degeneration 
Sa-Reductase, 231 
aromatase 
estradiol 
hypothalamus 
odoriferous stimuli 
plasma sex steroids 
sociosexual deprivation 
testosterone 
Reflex facilitation, 681 
Achilles tendon reflex 
motor preparation 
reaction time 
Refractory period, 133 
lateral hypothalamus 
medial pre-frontal cortex 
self-stimulation 
Refractory period, absolute, 125 
lateral hypothalamus 
refractory period, relative 
self-stimulation 
ventral midbrain 
Refractory period, relative, 125 
lateral hypothalamus 
refractory period, absolute 
self-stimulation 
ventral midbrain 
REM deprivation, 73 
animal learning 
negative transfer 
Renal concentrating mechanism, 635 
body weight 
circadian rhythms 
diabetes insipidus 
drinking 
eating 
lithium 
polyuria 
urinary concentration 


Repeated algesiometric tests, 1111 
hyperalgesia 
nociceptive response time 
Response latency, 1041 
accessory abducens nucleus 
low-torque potentiometer 
nictitating membrane reflex 
periocular stimulation 
rabbit 
retractor bulbi muscle 
Response preparation, 613 
conditioned H reflex 
intercurrent facilitation 
Resting, 505 
bombesin 
drinking 
eating 
grooming 
route of administration 
Restraint ulcer, 739 
emotionality 
gastric erosions 
immobilization 
lesions, septal 
stress 
Restricted feeding, 349 
activity-stress ulcer 
adrenal gland 
brain noradrenaline turnover 
environmental effects, feeding 
spleen 
thymus 
Retractor bulbi muscle, 1041 
accessory abducens nucleus 
low-torque potentiometer 
nictitating membrane reflex 
periocular stimulation 
rabbit 
response latency 
Retrobulbar paralysis, 945 
monkeys 
neuromuscular blocking agents 
receptive field 
Retrograde amnesia 
anisomycin, 585 
hypothermia, 939 
memory reactivation, 585 
memory retrieval, 585 
nonmonotonic age changes, 939 
ontogeny, 939 
passive avoidance, 585 
Pavlovian conditioning, 939 
rat pups, 939 
Reward 
conditioned reinforcement, 447 
perceptual cues, 447 
postero-lateral hypothalamus, 447 
self-cooling, 489 
self-stimulation, 447 
self-warming, 489 
spinal canal, 489 
thermoregulatory behavior, 489 
Rhesus monkeys, 733 
age differences 
estradiol 
progesterone 
sexual behavior, female monkey 
Rodent control, 715 
conditioned taste aversion 
grooming 
overshadowing tastes 
salience 





Route of administration, 505 
bombesin 
drinking 
eating 
grooming 
resting 


Salience, 715 
conditioned taste aversion 
grooming 
overshadowing tastes 
rodent control 
Salt-sensitive hypertension, 1083 
Dahl rats 
dietary sodium 
epinephrine 
norepinephrine 
plasma catecholamines 
stress 
Satiety 
amino acid receptors, 9 
amino acids, 9 
body temperature, 313, 521 
bombesin, 521 
caloric regulation, 591 
cat, 9 
cholecystokinin, 591 
conditioned taste aversion, 313, 921 
drinking, 313, 521 
eating, 313, 521, 591 
gut peptides, 313 
intragastric infusions, 921 
meal quantity regulation, 921 
meal size, 591 
orosensory stimuli, 591 
pancreatic glucagon, 313 
pigs, 521 
single unit activity, 9 
sucrose intake, suppression, 591 
taste, 591 
triglycerides, 921 
vagus nerve, 9 
Scent glands, 667 
lactating females 
maternal pheromones 
Mongolian gerbils 
olfactory preferences 
paternal pheromones 
Schedule-induced behavior 
adjunctive behavior, 609, 807 
d-amphetamine, 807 
children, 609 
conditioned stimuli, 807 
drinking, 609, 807 
eating, 609 
fixed interval, 609 
locomotor activity, 609 
polydipsia, 807 
vocalization, 609 
Selected rat lines, 259 
ACTH 
core temperature 
corticosterone 
defecation 
emotionality 
plasma glucose 
prolactin 
serum free fatty acids 
stress parameters 
Selective breeding, 879 
blood PCO, 


blood pH 
blood PO, 
ethanol 
Self-cooling, 489 
reward 
self-warming 
spinal canal 
thermoregulatory behavior 


Self-stimulation 
basolateral amygdala, 661 
conditioned reinforcement, 447 
drinking, 77, 661 
eating, 77, 661 
emotionality, 661 
frontal cortex, 531 
ingestive behavior, 77 
kindling, 531, 661 
lateral hypothalamus, 125, 133 
learning, 531 
light cycle, 77 
medial prefrontal cortex, 133, 869 
perceptual cues, 447 
positive reinforcement, 869 
postero-lateral hypothalamus, 447 
refractory period, 133 
refractory period, absolute, 125 
refractory period, relative, 125 
reward, 447 
sulcal prefrontal cortex, 869 
sheep, 77 
ventral midbrain, 125 
Self-warming, 489 
reward 
self-cooling 
spinal canal 
thermoregulatory behavior 
Sensorimotor neglect, 375 
globus pallidus 
lesions 
recovery 
somatosensory orientation 
strain differences 
Septal rage, 1077 
environmental change 
environmental enrichment 
environmental restriction 
lesions, septal 
reactivity 
Septo-hippocampal system, 45 
antivasopressin serum 
passive avoidance 
Serotonergic neurons, 697 
aggression 
defensive behavior 
dorsal raphe neurons 
fear 
multi-unit telemetric recording 
offensive behavior 
Serotonergic system, 335 
akinesia 
catecholamine systems 
lateral hypothalamic syndrome 
locomotion 
methysergide 
Parkinsonism 
postural support 
recovery of function 
Serotonin, 49 
pain, dental 
trigeminal nucleus 





Serum free fatty acids, 259 spawning 
ACTH Sexual behavior, male hamsters, 353 
core temperature accessory olfactory tract 
corticosterone amygdala 
defecation autoradiography 
emotionality delayed deficit 
plasma glucose food piling 
prolactin hamster 
selected rat lines lateral olfactory tract 
stress parameters lesions, olfactory system 
Serum glucose, 641 nest building 
circadian rhythms Sexual behavior, male mice, 31 
eating deafferentation 
free fatty acids olfactory system 
insulin ultrasonic vocalizations 
intermeal intervals vomeronasal system 
meal size Sexual behavior, male monkey, 995 
metabolism aggression 
theophylline cortisol 
Sex differences dominance 
age differences, 171 prolactin 
body composition, 899, 917 talapoin monkeys 
body weight, 899 testosterone 
cholic acid, 53 Sham feeding, 401 
eating, 899, 917 eating 
exercise, 917 palatibility 
gender and energy balance, 545 Sheep, 77 
lipids, 917 drinking 
liver, 53 eating 
maternal environment, 171 ingestive behavior 
maternal pheromone, 53 light cycle 
obesity, 545 self-stimulation 
prolactin, 53 Single unit activity, 9 
pup-killing, 171 amino acid receptors 
sex hormones, 545 amino acids 
starvation, 545 cat 
strain differences, 171 satiety 
test duration, 171 vagus nerve 
wheel running, 899 Skin conductance reaction, 109 
Sex hormones, 545 electrical skin stimuli 
gender and energy balance electromyogram 
obesity electrooculogram 
sex differences evoked potential 
starvation habituation 
Sexual behavior, 155 pain rating 
estrogen withdrawal reflex 
female rat Sleep-recording, 323 
lesions adipsia 
lordosis aphagia 
pontine periventricular gray disconnection syndromes 
progesterone drowsiness 
soliciting behavior EEG 
Sexual behavior, female monkey, 733 recovery of function 
age differences sleeping/waking pathology 
estradiol **somnolence”™’ 
progesterone Sleep-wake cycle, 437 
rhesus monkeys light deprivation 
Sexual behavior, female rat neonatal rat 
adenylate cyclase, 1073 paradoxical sleep 
adrenalectomy, 1073 slow-wave sleep 
cAMP, 1073 Sleeping/waking pathology, 323 
estrogen, 1073 adipsia 
guanosine triphosphate, 1073 aphagia 
litter composition, 1007 disconnection syndromes 
lordosis, 1073 drowsiness 
mounting behavior, 1007 EEG 
ovariectomy, 1073 recovery of function 
testosterone propionate, 1007 sleep-recording 
Sexual behavior, male goldfish, 1103 ‘“somnolence”’ 
goldfish Slow-wave sleep, 437 
lesions, preoptic area light deprivation 
lesions, ventral telencephalon neonatal rat 





paradoxical sleep 
sleep-wake cycle 
Small animal restraint, 1115 
Social development, 649 
lesions, septal 
play 
play fighting 
Social drinking, 1093 
adjunctive behavior 
alcohol 
mood 
solitary drinking 
Social grooming, 409 
Microtus pennsylvanicus 
Microtus pinetorum 
taste 
vole 
Social stress, 483 
agonistic behavior 
antibiotics 
locomotor activity 
lung pathology 
wild rats 
Socioenvironmental factors, 535 
medroxyprogesterone acetate 
socio-sexual behavior 
stumptail macaque 
Sociosexual behavior, 535 
medroxyprogesterone acetate 
socio-environmental factors 
stumptail macaque 
Sociosexual deprivation, 231 
aromatase 


estradiol 
hypothalamus 
odoriferous stimuli 
plasma sex steroids 
Sa-reductase 


testosterone 
Soliciting behavior, 155 
estrogen 
female rat 
lesions 
lordosis 
pontine periventricular gray 
progesterone 
sexual behavior 
Solitary drinking, 1093 
adjunctive behavior 
alcohol 
mood 
social drinking 
Somatosensory orientation, 375 
globus pallidus 
lesions 
recovery 
sensorimotor neglect 
strain differences 
**Somnolence,” 323 
adipsia 
aphagia 
disconnection syndromes 
drowsiness 
EEG 
recovery of function 
sleep-recording 
sleeping/waking pathology 
Sparing of function, 1017 
discrimination learning 
isotonic saline 
lesions, caudate nucleus 
placebo 


Spatial discrimination, 725 


infant rats 
thermal reinforcement 
Spawning, 1103 
goldfish 
lesions, preoptic area 
lesions, ventral telencephalon 
sexual behavior, male goldfish 
Species recognition, 281 
cannibalism 
eating 
food aversion 
pheromones 
Spinal canal, 489 
reward 
self-cooling 
self-warming 
thermoregulatory behavior 
Spleen, 349 
activity-stress ulcer 
adrenal gland 
brain noradrenaline turnover 
environmental effects, feeding 
restricted feeding 
thymus 
$Q14,225 (Captopril), 841 
angiotensin I] 
drinking 
gastric vagi 
histamine 
vagal afferents 
vagotomy 
Squirrel monkey, 205 
circadian monkey 
drinking 
light intensity 
locomotor activity 
Startle reflex, 253 
brain lesions 
habituation 
inferior colliculus, brachium 
Starvation, 545 
gender and energy balance 
obesity 
sex differences 
sex hormones 
Stereotaxic localization, 279 
interaural line 
strain differences 
substantia nigra 
Stimulation parameters, 1047 
conditioned avoidance 
discrimination 
generalization 
intracranial stimulation 
Strain differences 
age differences, 171 
Aschoff's rule, 199 
circadian rhythms, 199 
globus pallidus, 375 
interaural line, 279 
lesions, 375 
maternal environment, 171 
mice, 199 
pup-killing, 171 
recovery, 375 
sensorimotor neglect, 375 
sex differences, 171 
somatosensory orientation, 375 
stereotaxic localization, 279 
substantia nigra, 279 
test duration, 171 





wheel running, 199 intracranial self-stimulation, 473 
Streptozotocin, 987 medial forebrain bundle, 473 
diabetes mesencephalon, 473 
eating monophasic pulse pair technique, 473 
naloxone movement disorders, 755 
opiates muscimol, 755 
Stress nucleus tegmenti pedunculo-pontinus, 755 
adrenal medulla, 103 periaqueductal gray, 473 
analgesia, 39, 959 pigeon, 755 
appetite, 39 stereotaxic localization, 279 
behavior, 765 strain differences, 279 
cerebrospinal fluid, 765 temporal interactions, 473 
Dahl rats, 1083 Suckling behavior 
diabetic mice, 39 arousal, 213 
dietary sodium, 1083 body temperature, 693 
dopamine blockade, 39 electrocorticogram, 213 
eating, 39, 959 feeding control, 693 
emotionality, 739 lactation, 213 
endogenous opioids, 575 maternal behavior, 693 
B-endorphin, 575 rabbit, conscious, 213 
epinephrine, 103, 1083 Sucrose, 905 
gastric erosions, 739 sweetness 
haloperidol, 39 taste-temperature interactions 
hyperglycemia, 575 Sucrose intake, 819 
hypertension, 103 caloric intake 
immobilization, 739 dietary selection 
lesions, septal, 739 growth 
a-MSH, 765 overeating 
naloxone, 959 Sucrose intake, suppression, 591 
naltrexone, 39, 575 caloric regulation 
norepinephrine, 103, 1083 cholecystokinin 
open field, 103 eating 
opiates, 959 meal size 
plasma catecholamines, 103, 1083 orosensory stimuli 
restraint ulcer, 739 satiety 
salt-sensitive hypertension, 1083 taste 
sympathetic nervous system, 103 Sugars, 1065 
tail pinch, 959 conditioned taste aversion 
Stress-induced feeding, 565 disaccharides 
consummatory behavior gerbils 
ear pinch monosaccharides 
eating polyols 
neck pinch Sulcal prefrontal cortex, 869 
pain medial prefrontal cortex 
paw pinch positive reinforcement 
tail pinch self-stimulation 
Stress parameters, 259 Surgical headholder 
ACTH rat surgery, 181 
core temperature Sweetness, 905 
corticosterone sucrose 
defecation taste-temperature interactions 
emotionality Sympathetic nervous system, 103 
plasma glucose adrenal medulla 
prolactin epinephrine 
selected rat lines hypertension 
serum free fatty acids norepinephrine 
Stumptail macaque, 535 open field 
medroxyprogesterone acetate plasma catecholamines 
socio-environmental factors stress 
socio-sexual behavior Synchronized sleep, 425 
Strychnine, 307 arterial pressure 
antidepressants desynchronized sleep 
behavioral despair electroencephalogram 
bicuculline electromyogram 
picrotoxin heart rate 
pilocarpine quiet wakefulness 
Substantia nigra 
ataxia, 755 
contralateral rotation, 735 Tail pinch 
C-T interval 473 analgesia, 959 
diencephalon, 473 consummatory behavior, 565 
interaural line, 279 ear pinch, 565 





eating, 565, 959 
naloxone, 959 
neck pinch, 565 
opiates, 959 
pain, 565 
paw pinch, 565 
stress, 959 
stress-induced feeding, 565 
Talapoin monkeys, 995 
aggression 
cortisol 
dominance 
prolactin 
sexual behavior, male monkey 
testosterone 
Taste 
amino acids, 457, 513 
caloric regulation, 591 
chirality, 457 
cholecystokinin, 591 
drinking, 23 
eating, 591 
flavor, 23 
flavor preferences, 513 
human infants, 513 
magnitude estimation, 457 
meal size, 591 
Microtus pennsylvanicus , 409 
Microtus pinetorum, 409 
naloxone, 23 
oropharyngeal factors, 23 
orosensory stimuli, 591 
primaries, 57 
protein-calorie malnutrition, 513 
psychophysics, 57 
satiety, 591 
social grooming, 409 
sucrose intake, suppression, 591 
tone, 57 
vole, 409 
water deprivation, 23 
Taste aversion, 1025 
cycloheximide 
memory inhibition 
protein synthesis 
Taste detection, 707 
taste discrimination task 
Taste discrimination task, 707 
taste detection 
Taste/odor aversion, 5 
associative learning 
in utero studies 
Taste preference 
amino acids, 829 
anosmia, 979 
aspartame, 979 
baboon monkeys, 979 
chorda tympani, 979 
glossopharyngeal nerve, 979 
house musk shrew, 829 


neohesperidin dihydrochalcone, 979 


rats, 979 

Taste-temperature interactions, 905 
sucrose 
sweetness 

Temporal interactions, 473 
C-T interval 
diencephalon 
intracranial self-stimulation 
medial forebrain bundle 
mesencephalon 
monophasic pulse pain technique 


periaqueductal gray 
substantia nigra 
Test duration, 171 
age differences 
maternal environment 
pup-killing 
sex differences 
strain differences 
Testosterone 
aggression, 995 
aromatase, 231 
cortisol, 995 
dominance, 995 
estradiol, 231 
hypothalamus, 231 
maternal behavior, 627 
odoriferous stimuli, 231 
plasma sex steroids, 231 
prenatal stimulation, 627 
prolactin, 995 
pup-killing, 627 
pup retrieval, 627 
Sa-reductase, 231 
sexual behavior, male monkey, 995 
sociosexual deprivation, 231 
talapoin monkeys, 995 
Testosterone proprionate 
androgens, 953 
castration, 953 
female choice, 953 
litter composition, 1007 
mounting behavior, 1007 
sexual behavior, female rat, 1007 
urinary marking, 953 
A’-Tetrahydrocannabinol, 289 
aggression 
lesions, amygdala 
lesions, midbrain raphe 
muricide 
olfactory bulbectomy 
Theophylline, 641 
circadian rhythms 
eating 
free fatty acids 
insulin 
intermeal intervals 
meal size 
metabolism 
serum glucose 
Thermal reinforcement, 725 
infant rats 
spatial discrimination 
Thermoregulation 
body temperature, 675 
body weight, 857 
eating, 675 
food hoarding, 857 
ground squirrel, 501 
hamsters, 857 
heat stress, 501 
homeostasis, 675 
hunger, 675 
hyperthermia, 161 
hypothermia, 161 
knife cuts, hypothalamic, 857 
lesions, electrolytic, 161 
litter size regulation, 857 
maternal behavior, 857 
medial anterior hypothalamus, 857 
medial preoptic area, 857 
nest building, 857 
pineal gland, 501 





pinealectomy, 501 
preoptic area, 161 
pup cannibalism, 857 


Thermoregulatory behavior, 489 
reward 
self-cooling 
self-warming 
spinal canal 
Theta rhythms, 467 
hippocampal generators 
lesions, septal 
paradoxical sleep 
Thiamine deficiency, 933 
behavioral effects 
dietary B, 
food spillage 
Thymus, 349 
activity-stress ulcer 
adrenal gland 
brain noradrenaline turnover 
environmental effects, feeding 
restricted feeding 
spleen 
Time of insult, 893 
age differences 
developmental differences 
open field 
zine deficiency 
Tissue degeneration, 191 
activity-stress ulcers 
colon 
rectum 
Tone, 57 
primaries 
psychophysics 
taste 
Tonic immobility, 249 
endogenous opioids 
forced swimming 
Trapping, 835 
beavers 
bradycardia 
diving reflex 
drowning 
minks 
muskrats 
Trigeminal nerve, 927 
chemosensitivity 
ethmoid nerve 
odorants 
olfactory threshold 
Trigeminal nucleus, 49 
carcachol 
noradrenaline 
pain, dental 
serotonin 
Triglycerides, 921 
conditioned taste aversion 
intragastric infusions 
meal quantity regulation 
satiety 


Ultrasonic vocalizations, 31 
deafferentation 
olfactory 
sexual behavior, male mice 
vomeronasal system 
Ultrasonics, 579 
data acquisition system 
data reduction 


frequency analysis 

phase-locked loop 

vocalizations 
Unrestrained monkeys, 187 

chronic blood sampling 

double-lumen swivel 
Urinary concentration, 635 

body weight 

circadian rhythms 

diabetes insipidus 

drinking 

eating 

lithium 

polyuria 

renal concentrating mechanism 
Urinary marking, 953 

androgens 

castration 

female choice 

testosterone proprionate 


Vagal afferents, 841 
angiotensin II 
drinking 
gastric vagi 
histamine 
$Q14,225 (Caprotil) 
vagotomy 
Vagotomy 
angiotensin II, 841 
circadian rhythms, 787 
drinking, 841 
eating, 787 
food restriction, 787 
gastric vagi, 841 
histamine, 841 
plasma corticosterone, 787 
$Q14,225 (Captopril), 841 
vagal afferents, 841 
Vagus nerve, 9 
amino acid receptors 
amino acids 
cat 
satiety 
single unit activity 
Vasomotor pumping mechanism, 1011 
autonomic innervation 
cats 
vomeronasal organ 
Vasopressin, 525 
appetitive task 
continuous reinforcement schedule 
discrimination learning 
memory 
Ventral midbrain, 125 
lateral hypothalamus 
refractory period, absolute 
refractory period, relative 
self-stimulation 
Visual discrimination, 295 
brain interhemispheric pathways 
cat 
interocular transfer 
Visual evoked potentials, 227 
hooded rat 
VMH lesions, 245 
blood glucose level 
diurnal cycle 
eating 
food deprivation 





Vocalization 
adjunctive behavior, 609 
children, 609 


data acquisition system, 579 


data reduction, 579 
drinking, 609 

eating, 609 

fixed interval, 609 
frequency, analysis, 579 
locomotor activity, 609 
phase-locked loop, 579 


schedule-induced behavior, 609 


ultrasonics, 579 

Vole, 409 
Microtus pennsylvanicus 
Microtus pinetorum 
social grooming 
taste 

Vomeronasal organ, 1011 
autonomic innervation 
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DRAGO, F., B. BOHUS AND J. A. M. MATTHEIJ. Endogenous hyperprolactinaemia and avoidance behaviors of 
the rat. PHYSIOL. BEHAV. 28(1) 1-4, 1982.—The influence of endogenous hyperprolactinaemia induced by pituitary 
homografts under the kidney capsule on conditioned avoidance behaviors of the rat has been investigated. Acquisition of 
active avoidance behavior, as studied in shuttle-box and pole jumping test situations, appeared to be facilitated in homo- 
grafted rats in comparison with sham-operated animals. Extinction behavior was not affected in the same tests. Retention 
of one-trial learning passive avoidance behavior in homografted rats was similar to that of sham-operated animals. Hyper- 
prolactinaemia resulted in a diminished behavioral responsiveness to electrical footshock. It is concluded that endogenous 
hyperprolactinaemia selectively affects acquistion, but not retention performance of avoidance behaviors 


Hyperprolactinaemia Active avoidance acquisition 


REMOVAL of the pituitary gland is followed by impairment 
of conditioned avoidance behaviors of the rat. This deficit 
may be restored by treatment with pituitary hormones such 
as ACTH and its fragments, a-MSH, vasopressin and growth 
hormone [4,23]. These peptides also affect the retention of 
conditioned avoidance behaviors of intact rats [2, 3, 24]. The 
anterior pituitary hormone prolactin (PRL) is known to 
enhance several kinds of unconditioned behavior, such as 
maternal and feeding behavior and migration [17]. Recently, 
it has been reported that endogenous hyperprolactinaemia 
induced by pituitary homografts under the kidney capsule is 
accompanied by enhanced grooming behavior [8] and 
facilitation of some elements of male sexual behavior [9]. It 
has been suggested that these behavioral effects of PRL may 
be due to an increased dopaminergic transmission in the 
brain [8,9]. Involvement of central dopaminergic system in 
conditioned behaviors have also been suggested [6, 7, 19, 
20]. Therefore, the present study aimed to investigate 
whether endogenous hyperprolactinaemia influences aver- 
sively motivated behaviors of the rat. 


METHOD 


Male albino rats of an inbred Wistar strain (Cpb, TNO, 
Zeist, The Netherlands), weighing 150+10 g, were used. 
They were kept on a 14-hour light regime (lights on between 
5.00 and 19.00). Food and water were available ad lib. Seven 
days before the onset of the behavioral tests, a group of 
animals, anaesthetized with Hypnorm (B.V. Philips-Duphar, 
Amsterdam, The Netherlands), received a homograft of two 
adenopituitaries of similar male rats under the kidney cap- 


Passive avoidance behavior 


Responsiveness to footshock 


sule [21]. The sham-operated rats received a smooth muscle 
graft. 

Active avoidance behavior was studied in a shuttle-box 
and a pole jumping situation. The shuttle-box acquisition 
was studied in a single session test, that has been described 
elsewhere [2]. Briefly, the rats were trained to cross a barrier 
between two identical compartments to avoid the uncon- 
ditioned stimulus (US) of a scrambled electrical footshock 
(0.20 mA) delivered through the grid floor. The conditioned 
stimulus (CS) was a buzzer presented for 3 sec prior to the 
US. If no escape occurred within 20 sec of CS/US presenta- 
tion, the shock was terminated. A maximum of 20 condition- 
ing trials were given with a variable intertrial interval averag- 
ing 60 sec. The learning criterion was 5 consecutive con- 
ditioned avoidance responses (CARs). For those rats that 
reached the criterion in less than 20 trials, the remaining 
trials until 20 were considered as CARs. Indexes of 
avoidance behavior were the total number of CARs and the 
number of rats reaching the criterion of learning (specified as 
learners). 

Acquisition and extinction of a pole jumping avoidance 
response were studied in the apparatus described by de Wied 
[22]. The rats were conditioned to avoid the US of an electri- 
cal floor shock (0.25 mA) by jumping onto a pole located 
vertically in the center of the conditioning apparatus. The CS 
was switching on a light bulb of 40 W above the pole. The US 
was applied if an avoidance response had not occurred 
within 5 sec of CS presentation. Ten acquisition trials were 
given daily for 4 days with variable intervals averaging 60 
sec. Ten non-reinforced extinction trials per day were pre- 
sented on the next 3 successive days. 
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FIG. 1. Acquisition of a conditioned active (shuttle-box) avoidance 
response in hyperprolactinaemic (pituitary homografted; n=16) and 
control (sham-operated; =10) rats. Values represent the mean+ 
S.E.M. of conditioned avoidance responses (CARs). 


Passive avoidance behavior was studied in a step-through 
type passive avoidance situation [1]. Briefly, the rats were 
adapted to the apparatus consisting of a large dark compart- 
ment equipped with a grid floor and a mesh-covered elevated 
runway attached to the front center of the dark chamber. 
Adaptation training was followed by a single trial in which 
the rats were placed on the elevated platform and allowed to 
enter the dark box. Three such trials were given on the next 
day with an intertrial interval of 5 min. After the third trial 
the rats received a single 2-sec unavoidable scrambled foot- 
shock (0.25 mA) immediately after entering the dark com- 
partment. Retention of the response was tested 24 and 48 hr 
after the shock trial. The rats were placed on the elevated 
runway and the latency to re-enter the shock compartment 
was recorded up to a maximum of 300 sec. 

Responsiveness to electrical footshock was studied by 
using two sets of 10 shock intensities of 1 sec duration vary- 
ing between 38 and 283 wA given in a random order with an 
intershock interval of 30 sec [14]. Behavioral responses re- 
corded were: no response, flinch, jerk, jump, run and vocali- 
zation. The occurrence of each response from 20 trials was 
recorded. 

At the end of the behavioral procedures (12th postopera- 
tive day) the animals were killed by decapitation. Plasma 
PRL was measured by radioimmunoassay (RIA) [16] using 
NIAMDD rat PRL RP, as reference. All samples were proc- 
essed in duplo in six serial 1:2 dilutions and in a single RIA 
run. 

The statistical differences were analysed using the Stu- 
dent’s t-test, the Mann-Whitney U-test and the x’ test. 


RESULTS 


Transplantation of anterior pituitaries resulted in an 
eight-fold increase in plasma PRL levels. Plasma PRL levels, 
as measured by RIA, appeared to be 72.4+2.6 ng/ml for 
homografted animals, and 9.3+1.0 ng/ml for sham-operated 
rats (p<0.001, Student’s f-test). 
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FIG. 2. Total number of conditioned avoidance responses (CARs) 
scored by hyperprolactinaemic (homografted: n=16) and control 
(sham-operated; n=10) rats during active (shuttle-box) avoidance 
acquisition (left panel) and the percent of rats reaching a learning 
criterion (learners) of 5 consecutive avoidance responses. 


Acquisition of shuttle-box avoidance behavior of rats 
bearing pituitary homografts and of sham-operated rats is 
depicted in Fig. 1. Homografted rats acquired the active 
avoidance response more rapidly than the controls. No 
difference in intertrial activity was observed. The total 
number of CARs was significantly higher in the pituitary 
homografted animals, and a higher percentage of these rats 
reached the learning criterion within 20 trials as compared to 
the controls (Fig. 2). 

The rate of acquisition of the pole jumping response ap- 
peared to be more rapid in homografted rats than in sham- 
operated animals (Fig. 3). The number of CARs scored dur- 
ing the 3rd and 4th day of acquisition was significantly higher 
in homografted than in sham-operated rats. No differences 
were observed in the rate of extinction of the pole jumping 
avoidance behavior. 

Results on passive avoidance behavior are summarized in 
Fig. 4. Approach latencies during the pre-learning trials were 
not different. Retention of the passive avoidance response as 
indicated by the mean latencies to re-enter the shock com- 
partment was also in the same order of magnitude in homo- 
grafted and sham-operated rats both at the 24 and 48 hr reten- 
tion tests. 

Homografted animals displayed a significantly higher 
number of “‘no responses”’ in the responsiveness to electri- 
cal footshock test than the sham-operated rats. A slight but 
not significant decrease in flinch and jerk was found in 
homografted rats as compared to the controls (Fig. 5). 


DISCUSSION 


The main finding of the present experiments is that en- 
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FIG. 3. Acquisition and extinction of a pole-jumping active 
avoidance response in hyperprolactinaemic (homografted; n=11) 
and control (sham-operated; n=9) rats. The values represent the 
mean+S.E.M. of conditioned avoidance responses (CARs). 
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FIG. 4. Retention of a passive avoidance response in hyperprolac- 
tinaemic (pituitary-homografted) and control (sham-operated) rats. 
Number of observations in bracket. 


dogenous hyperprolactinaemia is accompanied by a 
facilitated acquisition of active avoidance behavior in two 
different test situations. However, neither extinction of pole 
jumping avoidance behavior nor the retention of passive 
avoidance behavior appeared to be affected by endogenous 
hyperprolactinaemia. These results suggest that endogenous 
hyperprolactinaemia may facilitate brain processes involved 
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|_ & |__eses 


noresponse flinch 
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[_] sham operated (11) #p<0.001 (student's t-test) 
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FIG. 5. Behavioral responses to electric footshock in hyperprolac- 
tinaemic (homografted) and control (sham-operated) rats. The val- 
ues represent the mean+S.E.M. of the occurrence of the behav- 
ioral responses to 20 electric footshocks of various intensities. 
Number of observations in bracket. 


in active avoidance acquisition, but it fails to influence mem- 
ory. 

In accordance with these suggestions is the finding that 
congenitally PRL-deficient mice of the Dwarf strain are not 
able to acquire a normal level of learning performance [5]. 
An absence of changes in long term retention of avoidance 
responses (active avoidance extinction and _ passive 
avoidance retention) agrees with the observation that the 
postacquisition intracerebroventricular injection of anti-PRL 
serum does not affect extinction of a pole jumping avoidance 
response [25]. 

Opiocortin fragments such as £-endorphin, ACTH and 
a-MSH may exert a number of behavioral effects similar to 
those observed in homografted rats [2,24]. That PRL and not 
other pituitary hormones is responsible for the behavioral 
alterations described in homografted rats is suggested by the 
fact that pituitary homografts secrete high level of PRL and 
very little, if any, of other pituitary hormones such as 
ACTH, TSH, SH, FSH, LH [20], a-MSH and £-endorphin 
[12]. 

It is not yet clear how endogenous hyperprolactinaemia 
facilitates active avoidance acquisition. Since hyperprolac- 
tinaemic rats displayed a diminished rather than increased re- 
sponsiveness to electrical footshock, differences in the per- 
ception of punishment are unlikely responsible for facilitated 
active avoidance acquisition. Increased locomotor activity 
may also be responsible for a facilitated active avoidance 
performance. However, neither differences were found in 
intertrial activity nor was the locomotor (exploratory) behav- 
ior in an open field affected by endogenous hyperprolac- 
tinaemia [11]. What looks to be puzzling is that enhanced 
acquisition is not accompanied by a facilitated retention be- 
havior. This suggests that PRL activates such brain proc- 





esses that operate only during acquisition and thereby in- 
crease performance. It may be that enhanced performance is 
the corollary of a heightened motivational property of shock 
punishment. 

Changes in central dopaminergic activity may result in 
alteration of behavioral performance that is reflected in 
active but not in passive (inhibitory) avoidance behavior. 
Shuttle-box acquisition is diminished in rats after destruction 
of central dopaminergic pathways with 6-hydroxydopamine 
(6-OHDA) [7]. Central dopamine (DA) depletion caused by 
intracisternal administration of 6-OHDA inhibits acquisition 
of shuttle-box avoidance response but does not affect reten- 
tion of passive avoidance response [6]. 

PRL may indeed interact with dopaminergic transmission 
in the brain and endogenous hyperprolactinaemia induces 
behavioral effects which involve DA activation. PRL stimu- 
lates the release of DA both in the hypothalamus and the 
striatum [15,18]. Local injection of PRL into the substantia 
nigra but not in the striatum induces grooming behavior in 
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the rat [10]. Endogenous hyperprolactinaemia is also accom- 
panied by increased grooming activity [8]. PRL-induced 
grooming is suppressed by injection of DA-antagonist halo- 
peridol in the striatum [10]. It is however worth mentioning 
that depletion of DA caused for example by intranigral 
6-OHDA injection is accompanied by acquisition but also 
motor deficit [19,20]. As mentioned already, endogenous 
hyperprolactinaemia is not accompanied by increased loco- 
motor activity. Facilitation of behavioral performance in 
active avoidance situations by PRL is most probably due toa 
selective interaction with certain dopaminergic mechanisms. 
Evidences supporting this assumption have been obtained in 
behavioral and biochemical studies. Potentiated am- 
phetamine- and apomorphine-induced stereotypy but not lo- 
comotor behavior was observed in rats with endogenous 
hyperprolactinaemia [11]. Furthermore, PRL preferentially 
increases DA turnover in nucleus accumbens of 
hypophysectomized rats [13]. 
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STICKROD,G., D. P. KIMBLE AND W. P. SMOTHERMAN. /n utero taste/odor aversion conditioning in the rat. PHYSIOL. 
BEHAV. 28(1) 5-7, 1982.—Rat fetuses exposed to a taste-odor stimulus and an aversive stimulus in utero showed an 
aversion to the taste/odor stimulus when tested 16 days postnatally. Fetuses which received various control treatments in 
utero did not show an aversion. These data show that rat fetuses at 20 days of gestation are capable of associative learning 


which can be demonstrated more than two weeks postnatally. 


In utero Associative learning Rat 


WE present evidence in this report that fetal rats can acquire 
and retain a conditioned taste aversion. Sporadic experi- 
mental interest has been expressed in the question of fetal 
learning capacity since at least the 1940's [17,18], but techni- 
cal and ethical considerations have limited the systematic 
study of learning by the human fetus. Also, methodological 
problems have hindered investigation of fetal learning in 
other mammalian species. One major drawback in the study 
of learning in fetuses and young animals is that neonates of 
most species have an extremely limited range of motor re- 
sponses. However, new techniques using simple appetitive 
tasks [4], and taste and odor aversion conditioning have 
demonstrated learning in rats as young as six hours of age 
[12, 13, 14, 16]. 

In addition, over the last few years we have developed 
surgical techniques that allow us to safely manipulate the in 
utero environment of rats. Since it is known that rat fetuses 
consume amniotic fluid during the latter stages of gestation 
[15], we decided to combine a taste/odor conditioning 
paradigm with in utero manipulation to investigate the learn- 
ing capacity of the fetal rat. The preliminary research was 
conducted in a series of two pilot experiments. 

In the pilot studies we injected the amniotic fluid of 20 day 
rat fetuses with either 0.09% saline or apple juice. The 
fetuses were then injected IP with either lithium chloride, or 
saline. These various combinations of injections yielded four 
different groups. The surgical and injection methods used 
have been reported previously [19]. The pups from these 
different conditions were tested at 16 days of age after birth 
for retention of the conditioned taste/odor aversion. Tests 
were conducted by anesthetizing the pups’ mother then 
applying apple juice or saline to each nipple and allowing the 
pups to approach and suckle the painted nipples. Each pup 


Taste/odor aversion 


was given ten trials and allowed to suckle for 15 seconds per 
trial. Preference for either apple juice or saline coated nip- 
ples was recorded for each trial. 

Preference for the apple juice coated nipple varied signifi- 
cantly between the four groups as evaluated by an analysis of 
variance, F(3,49)=5.00, p<0.01. The difference in prefer- 
ence for apple juice between control groups, those not re- 
ceiving paired apple juice and lithium chloride injections, 
was not significant by an ANOVA, F(2,31)=1.00. The pref- 
erence for saline over apple juice coated nipples shown by 
the experimental groups, as compared to the collapsed data 
of the control groups, was significant as evaluated by a/-test, 
t(50)=3.71, p<0.001. This pilot work was replicated at the 
Oregon State University laboratory (WPS) with virtually 
identical results. 

These pilot data strongly suggested that the 20 day rat 
fetus could acquire and retain a conditioned taste/odor aver- 
sion. A major limitation of the pilot work was that there were 
too few litters within each treatment group and therefore 
litter effects could not be assessed. Such disregard for litter 
membership can lead to spurious significance when evaluat- 
ing treatment effects [1,6]. The following experiment was 
conducted in a fashion that would permit analysis of treat- 
ment effects unconfounded by litter effects. 


METHOD 
In order to expose the fetuses to the CS and UCS, surgery 
was performed on the dams on day 20 of gestation. Dams 
(Charles River Sprague-Dawley albino C/D) were 
anesthetized with ketamine (100 mg/kg) plus xylazine (10 
mg/kg) injected intramuscularly. Nitrous oxide at 70% was 
administered via nose cone if necessary to maintain surgical 
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anesthesia. Amniotic and fetal injections were made with a 
30 gauge needle. Following anesthesia, both uterine horns of 
the dam were expressed through a midline laparotomy and 
draped with most sterile gauze. A hypodermic needle was 
then inserted through the uterine wall and 0.04 ml of either 
apple juice (Tropicana brand), or 0.09% saline, was injected. 
Fetuses were manipulated within the uterus so the IP injec- 
tions could be made through a dorsal lateral approach, and 
they typically reacted to the injection by wriggling and con- 
tracting. Approximately five minutes elapsed between the 
amniotic injection and the IP injection. After the last IP in- 
jection, the uteri were replaced and the incision was sutured. 
Pups were taken by Cesarean section on Day 22 of gestation 
using the method described by Grota [9,10]. Briefly, the dam 
was sacrificed by cervical fracture and the litter removed 
from the uterus. Fetuses were kept warm (from below with a 
light source) and moist (by placement on a paper towel 
soaked in physiological saline). Fostering was initiated 
within 15 min after cervical fracture of the pregnant female. 
The foster mothers had delivered a litter normally and 
nursed them for no longer than 24 hr before the fostering 
procedures began. The foster mother’s own litter was re- 
moved 60 min before she was given the foster pups. Pups to 
be fostered were placed in the cage in pairs until the entire 
litter was transferred. These procedures resulted in nearly 
total acceptance of foster pups. 

Four treatment groups (N=12 each) were used. Within 
each treatment group three pups from each of four different 
litters were tested. The experimental group (AL), received 
apple juice into the amniotic fluid followed by LiCl IP. This 
treatment closely parallels a method commonly employed 
for taste aversion conditioning in adult rats in which expo- 
sure to a novel flavor is followed by an injection of LiCl to 
induce gastrointestinal illness [14]. All other groups served 
as controls. The (SL) group received 0.09% saline into the 
amniotic fluid followed by LiCl IP; the (AS) group received 
apple juice into the amniotic fluid followed by 0.09% saline 
IP; and the (SS) group received 0.09% saline into the amnio- 
tic fluid followed by 0.09% saline IP. All pups were reared 
with their mothers in plastic shoebox cages with ground 
corncob litter. Food and water were available ad lib, and 
room lights were set on a 12 hour cycle with lights out at 7 
a.m. 

On day 16 following birth, all pups were placed in sepa- 
rate cages and tested for nipple preference after eight hours 
of separation from the dam. The dam was anesthetized with 
nembutal (48 mg/kg) and placed at the choice point of a Plex- 
iglas T-maze, with her ventral surface facing the runway. 
The apparatus was warmed from below with a heating pad 
and maintained at approximately 35°C. Each pup was tested 
with its own dam. Pups were placed, one by one, at the start 
of the 7x 15 cm runway and allowed to approach the dam and 
suckle. The nembutal prevented normal milk ejection. A trial 
was considered complete after the pup had been attached to 
a nipple for 15 sec. Ten such trials were run for each pup, 
and the preferred nipple(s) recorded. Pups showed a prefer- 
ence for an average of two to three nipples. The preferred 
nipple(s) were then painted with the apple juice used in utero 
along with other nipples to bring the total to six. The non- 
preferred nipples which were painted with applie juice were 
selected by their location on the dam so that pups were pre- 
sented with a wide distribution of apple juice painted nipples. 
The remaining six nipples were painted with 0.09% saline. 
Each pup was then given an additional ten trials and nipple 
choice recorded. Between pups the nipple area of the dam 
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FIG. 1. Histogram showing the percentage of apple juice coated 
nipples suckled by the experimental (AL) group, and control groups 
(SL, AS, and SS). 


was gently swabbed with 10% ethanol, rinsed with tap water, 
and dried. Washing the nipples of the dam has been shown to 
interfere with nipple attachment by pups even at 16 days of 
age [5]. Our procedure included a light swabbing of the nip- 
ple with 10% ETOH, followed by swabbing with tap water 
with the objective of removing previous application of apple 
juice or saline. This method was not severe enough to inter- 
fere with nipple attachment. Supplemental doses of nem- 
butal were administered to the dam to maintain anesthesia. 
Nipples were palpated to check for milk ejection, and they 
were examined after removing pups. No milk could be de- 
tected, and the ethanol did not have any observable irritating 
effects on the nipples. All tests were run ‘‘blind.”’ That is, 
the research assistants collecting the nipple preferences did 
not know the experimental groups to which the subjects be- 
longed at any time during the experiment. 

Between treatment F-values were calculated using the 
variance of litters-within-treatments as the error term, in this 
way meeting the problem of confounding litter and treatment 
effects. F-values representing litter effects were calculated 
by taking the ratio of the variance-within-litters over the 
variance of subjects-within-litters [7]. 


RESULTS 


Preference for apple juice coated nipples varied signifi- 
cantly between the four groups as evaluated by the analysis 
of variance, F(3,12)=10.82, p<0.01. The AL group showed 
the least preference for the apple juice coated nipples 
(43.3%,+3.3). The attachment scores for the other three ex- 
perimental groups were SS=64.2%+5.1; AS=59.2%~+4.2; 
and SL=60.0%+4.1). The numbers following the percentage 
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preference scores are standard errors of the mean. Post-hoc 
comparisons by the method of Tukey indicated that the AL 
Experimental group differed significantly from the SS, SL 
and AS Control grups (p’s<0.01 for all comparisons) which 
did not differ among themselves. The litters factor was not a 
significant source of variation, F(12,32)=0.29, p>0.25. 


DISCUSSION 


The positive conditioning effects that we found show that 
the essential mechanisms for taste/odor aversion condition- 
ing are present in the twenty day rat fetus. The central nerv- 
ous system, sensory systems, and peripheral systems are 
functional, at least to the extent of forming an association in 


utero that will guide later behaviors. There now exist four 
demonstrations of in utero influences on postnatal behav- 
ioral development [2, 3, 4]. This research provides new in- 
formation concerning the age at which the young rat is 
capable of associative learning. The methods developed for 
this study should be applicable to the investigation of com- 
parative aspects of development and learning in the fetal 
environment. 
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JEANNINGROS, R. Vagal unitary responses to intestinal amino acid infusions in the anesthetized cat: A putative signal 
for protein induced satiety. PHYSIOL. BEHAV. 28(1) 9-21, 1982.—Single unitary discharges in the nodose ganglia 
were recorded extracellularly in chloralose anesthetized cats while amino acid solutions were being perfused through the 
small intestine via implanted cannulae. Test infusions consisted of either amino acid mixtures (12 amino acids; 120 mM in 
all) or individual amino acids (50 mM each) dissolved in Krebs Henseleit buffer. Units which were activated by amino acid 
infusions were also tested with 10% glucose infusions performed in the same way. Control infusions consisted of either 
buffer alone or a physiological saline solution isotonic to the test solution. All perfusions were performed at 38°C, pH 7.4 by 
means of a syringe over a 10 second period. Out of 1250 vagal units activated by electrical vagal stimulation, 92 units 
showed an increased firing rate in response to amino acid intestinal perfusions. Of these, only 1/7 were also responsive to 
glucose perfusions. Osmotic, thermal or mechanical stimuli associated with infusions did not modify vagal responses to the 
amino acids. Among vagal units responding only to amino acid but not to glucose infusion, some were activated in a specific 
manner, depending on the specific amino acid infused intraduodenally. These neurons illustrated a very strict specificity 
regarding the nature of chemical stimuli. The very short latency, mean of 9 sec + 0.7 (SE) of these vagal neurons to amino 
acid infusions unequivocally indicates that chemoreceptors are located at the preabsorptive level. The corresponding fibers 
were non-myelinated (conduction velocities: 0.8/1.4 m/sec.) and were of the C type. The functional characteristics of these 
vagal amino acid receptors are discussed in terms of the role of intestinal signals in short term protein satiety 


Amino acid receptors Intestine Vagus nerve Duodenal infusion Satiety Amino acids 


Single unit activity 


larly those arising from the intestinal periphery. However, 
proteins are a very potent stimulus in satiety induction [45]. 
The reduction of food intake following protein loads depends 
on the amino acid composition of the ingested proteins [12]. 
Moreover satiety now appears to be nutrient specific and not 
energostatic [2,11] and this finding is in agreement with the 
behavioral experiments of Novin [39] which proved that in- 
dividual nutrients stimulate intestinal satiety mechanisms 
through functionally and anatomically discrete pathways. 
Russek’s behavioral experiments suggest that the liver is in- 
volved in the induction and suppression of protein intake in 
dogs via the ammonium receptors [45]. The elec- 
trophysiological findings of Niijima [36] reflected changes in 
glucoreceptor discharges from the liver due to the variations 


A LARGE number of behavioral investigations have shown 
the importance of the gastro-intestinal tract in the short term 
control of feeding [7, 8, 17, 18, 24, 37, 48, 50]. This control 
appears to be complex, involving neural and/or hormonal 
mechanisms [25, 39, 42, 47] activated by numerous types of 
stimuli relating to the osmotic [7, 13, 48], mechanical [3,7] 
and chemical [5, 10, 12, 39] properties of ingested food and 
operating from different sites along the GI tract: the 
oropharynx and oesophagus [9,35], stomach [3, 10, 18] and 
intestine [7, 10, 13, 18, 24, 48, 50]. Among the mechanisms 
involved in the suppression of feeding, glucose mediated sa- 
tiety has been the most thoroughly studied. The existence of 
a preabsorptive mechanism depending on chemospecific 
signals has been evidence by numerous investigations [5, 8, 


37, 38, 50, 53]. Moreover, recent electrophysiological data 
have shown the existence of vagal glucoreceptors in the 
small intestine [32]. 

In contrast to glucose, few attempts have been made to 
isolate specific signals involved in protein satiety, particu- 





of portal glucose concentration. On the other hand, the im- 
portance of the amino acid concentration in the plasma has 
also been emphasized [19,41]. 

It is now clear that preabsorptive information related to 
protein metabolism is an important part of the whole com- 
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plex of satiety signals that govern the short term regulation 
of protein intake [11,38]. Recently, Novin [39] has also 
suggested that intestinal amino acid induced satiety can be 
mediated by the vagus nerve. 

Few electrophysiological data have been available until 
now concerning intestinal amino acid receptor mechanisms. 
The only previous studies merely show an apparently in- 
creased afferent discharge in either the whole nerve or mul- 
tifiber preparations of the gastrointestinal tract following 
amino acid infusions [46], but very little is known about the 
course of these chemoreceptive impulses and their discharge 
characteristics. Using a unitary recording technique in the 
nodose ganglia, we were able to study in detail the afferent 
response of the vagus nerve to amino acid infusions in the cat 
small intestine. Preliminary results were recently published 
[16]. This technique has been developed in our laboratory 
over the past fifteen years for the purpose of investigating 
interoception [27, 28, 29, 30, 33]. The following results con- 
stitute the first complete electrophysiological investigation 
of the functional characteristics of intestinal amino acid re- 
ceptors. The characteristics of these receptors which are de- 
scribed presently include (1) the discharge pattern; (2) the 
type of fibers involved; (3) the nature of the appropriate 
stimuli, particularly their chemical specificity. In addition, 
the possible contribution of these receptors to protein in- 
duced satiety is discussed. 


METHOD 


Experiments were carried out on 56 male and female adult 
cats (2.5/5 kg) anesthetized with chloralose injected intrave- 
nously (75 mg/kg IV) after halothane induction. Additional 
amounts of 10/20% of the initial dose were given intraperito- 
neally when necessary. Rectal body temperature was main- 
tained at 38°+1°C by means of a warming blanket. 


Sensory Vagal Unit Recording 


The unitary discharge of sensory neurons supplying the 
small intestine was recorded from the nodose ganglia by 
means of external glass microelectrodes drawn to a tip di- 
ameter of 1-2 um and filled with a 3 M KCI solution with a 
DC resistance of 1-5 MQ. The recording set-up consisted of 
a preamplifier connected to a Tektronix oscilloscope, an op- 
tical U.V. recorder, a tape recorder and an impulse fre- 
quency meter designed to analyze nervous impulses on the 
basis of frequency and duration (Fig. 1). 


Electrical Stimulation of Vagus Nerve 


One pair of stimulating electrodes was set under the ip- 
silateral vagal nerve at the cervical level in order to record 
multiunit vagal potentials and stimulate the nerve. The mi- 
croelectrode was placed so that only the gastrointestinal C 
fibers were recorded. C fibers were indentified in terms of 
latency and conduction velocity following electrical stimula- 
tion of the cervical vagus. These fibers were specifically 
studied because the sensory innervation of the intestine is 
mainly through vagal non-medullated fibers (type C). It was 
possible, stimulating the nerve under these conditions, to 
measure the conduction velocity. 


Procedure 


Nutrient infusions. A segment of the proximal part of the 
small intestine including the duodenum (except the first 2-3 
cm corresponding to the intestinal bulb) and the jejunum 
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FIG. 1. Experimental procedure used for studying amino acid recep- 
tors consisted of recording unitary responses in the nodose ganglion 
(NG) by means of a glass microelectrode. Potentials were then re- 
corded and analyzed by electronic set consisting of: a preamplifier 
(PA); a cathodic oscillograph (Osc.); a tape recorder (Tape rec.); a 
frequency meter (Fq. meter); an optic uv recorded (Rec.). Electrical 
stimulation of vagus nerve (x) was performed with a neuro- 
stimulator (St) connected to an isolation unit (IU). Intestinal seg- 
ment including duodenum and jejunum was isolated and cannulated 
both proximally and distally. This segment was perfused with differ- 
ent solutions by means of a syringe. 


(about 40 cm in all) was selected and cannulated both prox- 
imally and distally. A clamp prevented the infusions from 
reaching the stomach (Fig. 1). This segment was perfused 
with 25 ml of test or control solutions maintained at a con- 
stant temperature (38°C) in a water bath, and delivered over 
a 10 second period by means of a syringe. All test solutions 
were dissolved in Krebs Henseleit buffer, pH 7.4. According 
to the type of experiment, these solutions were as follows: a 
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FIG. 2. Effect of duodenal infusion of 5 amino acid mixture on the activity of two intestinal vagal chemoreceptors (A, B). Arrows indicate 
the beginning and the end of the infusion. In A’, recording of pluriunitary response to single elctrical stimulation of ipsilateral vagus nerve 
with microelectrode in the same position as A. In B’, unitary response to electrical stimulation of the unit activated by amino acids in B 
Conduction velocity of this unit (1 m/sec) indicates that this fiber belongs to the C type 


mixture containing 12 amino acids (arginine, alanine, 
leucine, histidine, lysine, threonine, cystine, thryptophan, 
methionine, proline, valine, serine) at a concentration of 0.01 
moles/l each; a mixture containing 5 amino acids (arginine, 
leucine, phenylalanine, tryptophan, alanine) at a concentra- 
tion of 0.05 moles/l each; one of 10 amino acids infused indi- 
vidually (0.25 moles/l); a 5% hydrolysate of casein; 2 struc- 
tural analogues of L-leucine: D-leucine and cycloleucine at a 
concentration of 0.25 moles/l; 10% glucose. 

Generally each infusion is maintained in the intestine for 
about one minute, but sometimes we continued for several 
minutes in order to observe the duration of the activation. 
The luminal contents were then gently flushed out and the 
intestinal lumen was rinsed with 25 ml of bicarbonate saline 
PH 7.4, 38°C. 

Control infusions. Control infusions were carried out 
using either bicarbonate saline pH 7.4 alone or a physiolog- 
ical saline solution (NaCl) isotonic to test infusions (0.23 
osmoles/l), maintained at 38°C. 

Mechanical stimulation. In order to control the possible 
mechanical effect of these different infusions, a perfusion 
with an equal volume of air was performed with a perfusion 
rate equal or larger than the one used for the test infusion, in 
order to produce the same degree of wall distension. 


RESULTS 


Vagal Responses to Amino Acid Mixtures 


Data were collected from 1250 unitary or pluriunitary re- 
cordings of C fibers in 56 cats. All fibers previously activated 
by electrical stimulation of the vagus nerve were tested with 
an amino acid mixture or individual amino acids as described 
under Method. Intestinal amino acid infusion evoked in- 
creases in discharge frequency for 92 of these units, which in 
90% of the cases, had no spontaneous activity before the first 
infusion (Fig. 2A, 2B). The activation of these units always 
occurred with a very short latency having a mean of 9+0.7 
(S.E.) sec. The discharge persisted for several minutes (Fig. 
2B,4), sometimes up to 10 minutes, while the perfusate was 
maintained in the intestinal lumen, and even from | to 5 
minutes after removal of the intestinal contents, indicating 
that these receptors are slowly-adapting ones. After rinsing 
of the intestinal lumen with the buffer solution, the discharge 
always decreased gradually (Fig. 7B), sometimes after a brief 
enhancement lasting from 1 to 5 seconds, before disappear- 
ing completely. Nevertheless, the repetition of duodenal in- 
fusions sometimes prevented the discharge frequency from 
returning to the basal level (Fig. 8B). The discharge fre- 
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R. n°: neuron number. 
AA-12: 12 amino acid mixture. 
AA-5: 5 amino acid mixture. 


Effect of rinsing of intestinal lumen with Krebs Henseleit buffer, pH 7.4. 


+ slight activation. 

++ medium activation. 
+++ strong activation. 
0 no effect. 


* chemoreceptor specific for amino acids, unresponsive to glucose. 


** chemoreceptor having a differential sensitivity to the type of amino acid. 
When none is indicated, test has not been performed. ARG=arginine, LEU=leucine, HIS=histidine, ALA=alanine, VAL=valine, 
METH =methionine, ILEU=isoleucine, GLU=glutamine, LYS=lysine, TRP=tryptophan, TYR=tyrosine. 


quency of vagal units elicited by amino acid infusions was 
usually very low, averaging 10 Hz, since it never exceeded 
30 Hz, (Fig. 2A, 2B). The observed discharge pattern was 
either a regular rhythm or sporadic bursts. Figure 4A shows 
the instantaneous discharge value for one receptor after ac- 
tivation by an L-leucine intestinal infusion. The instantane- 
ous frequency is irregular and very low. 


Responses to Individual Amino Acids 


Table 1 summarized the data collected from 33 neurons 


tested with either 2 mixtures consisting of 12 and 5 amino 
acids or 10 amino acids tested individually. Fourteen of the 
33 cells examined responded specifically according to the 
nature of the amino acid. Arginine and leucine were the two 
amino acids the most frequently tested. Seven of the 9 
neurons tested with both arginine and leucine showed a spe- 
cific response towards either one or other of these amino 
acids. Seven cells (number 7, 10, 14, 22, 25, 27, 33) which 
were activated with an amino acid mixture did not respond to 
arginine infused alone. A slight, medium, and strong activa- 
tion are illustrated respectively in E, E’, and E” in Fig. 3. 
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FIG. 3. Specificity of an intestinal chemoreceptor towards the type of amino acid. In A: mixture of 5 amino acids containing serine, 
methionine, histidine and arginine at the individual concentration of 50 mM. In B: serine alone at the concentration of 250 mM. In¢ 
methionine alone (250 mM). In D: histidine alone (250 mM). In E, E’, E”: arginine alone (250 mM). The black lines indicate the duration of 


the infusion. 


Figure 3 illustrates the effect of 4 amino acids (histidine, 
serine, methionine, arginine) infused individually at a con- 
centration of 250 mM, on the response of a chemoreceptor 
sensitive to a mixture of these amino acids at the individual 
concentration of 50 mM. Only arginine is effective in produc- 
ing the activation of this receptor previously obtained with 
the mixture infused (Fig. 3A, 3E, E’, E”). This neuron was 
completely insensitive to 3 other amino acids: serine, his- 
tidine, methionine (Fig. 3B, 3C, 3D). 

The results obtained on another cell showing a differential 
sensitivity towards amino acids are presented in Fig. 6. With 
a mixture of 12 amino acids, a high action potential appears 
after some seconds (Fig. 6B). Glucose has no effect on this 
unit (Fig. 6C) which responds specifically to amino acids 
although arginine infused alone is not able to produce the 
same activation, even at a high concentration (250 mM) (Fig. 
6A). 

Effect of amino acid concentration on neuronal response. 
The threshold of amino acid concentration which was effec- 
tive in producing a chemoreceptor response was not deter- 
mined very precisely because it varies from one neuron to 
another and moreover changes with the repetition of chemi- 
cal stimulation. A decrease was often observed in the neural 


response with the same concentration of amino acid after 
several infusions. It was nevertheless possible to obtain re- 
sponses with a mixture of 12 amino acids at a concentration 
as low as 10 mM each (Fig. 6B). 

It can be seen from Fig. 3 that the activation produced by 
arginine infused alone at a concentration of 250 mM (Fig. 3E) 
was much stronger than the activation produced by arginine 
in the mixture but at a concentration of 50 mM, i.e. 5 times 
lower (Fig. 3A). 

The multiunit recording presented in Fig. 6 illustrates the 
importance of the concentration of the infused amino acid. A 
unit was elicited with a very brief latency after duodenal 
infusion of arginine at a concentration of 250 mM (Fig. 6A). 
But when the mixture of 12 amino acids including arginine at 
the concentration of 10 mM was infused, this unit did not 
appear (Fig. 6B). 

Data collected from neurons number 6 and number 26, 
indicated in Table 1, show the influence of amino acid con- 
centration on the unit discharge: arginine 250 mM infused 
alone produced a stronger activation of cell number 6 than 
the mixture 12 where arginine is 25 times less concentrated, 
and of cell number 26 than the mixutre 5, where arginine is 5 
times less concentrated. 
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FIG. 4. Comparison of the effects of two structural analogues: L-leucine (in A) and cycloleucine (in B) on the same intestinal vagal 
chemoreceptor discharge. Both responses to: in A) natural amino acid, L-leucine, and in B) non natural amino acid, cycloleucine, are very 
different both in latency and in discharge frequency. The recordings: 1, 2, 3, etc. are continuous in time. Points indicate the instantaneous 
frequency (Imp./sec) of this unit. 





INTESTINAL VAGAL AMINO ACID RECEPTORS 


IMP / Sec. 


0 
-30 . 0 
t L.Leucine 























-30 0 30 
{D.Leucine 





TIME (Sec.) 


FIG. 5. Differential sensitivity of an intestinal vagal chemoreceptor responding to infusions of two structural analogues: L-leucine in A, and 
D-leucine in B. Note that the non natural amino acid, D-leucine, has no significant effect on the discharge of the vagal receptor which thus 


responds specifically to natural amino acid, L-leucine. 


Influence of the type of amino acid: acidic, basic or neu- 
tral. Activation of the neuron by the amino acid did not seem 
to depend on whether this amino acid was acid, basic or 
neutral. In Table 1, we did not see any correlation between 
the effectiveness of one amino acid to activate the cell and its 
chemical nature. 

Arginine, which is a basic amino acid, could either ac- 
tivate a unit responsive to leucine, a neutral amino acid, 
(receptor number 6, 21, 24, 30) or have no effect (receptor 
number 7, 27, 28, 29, 33) (Table 1). Neuron number 6 was 
activated by both arginine and histidine, which are basic, but 
was activated by leucine and not by alanine which are both 
neutral (Table 1). 

Figure 3 (D, E) shows that two amino acids, arginine and 
histidine, did not have the same effect on a unit responsive to 
an amino acid mixture, although these two amino acids were 
basic. 


Effect of Structural Analogues 


Data were collected from 5 cells recorded in 5 animals for 
cycloleucine (l-amino-1l-cyclopentane carboxylic acid) and 
from 3 cells recorded in 3 animals for the effect of the stereo- 
isomer of L-leucine: D-leucine, and the effects of these 3 
structural analogues were compared. Only 2 out of 6 units 
activated by L-leucine were responsive to cycloleucine, and 
of the 3 cells affected by L-leucine tested, 2 were completely 
insensitive to D-leucine, and | showed only very slight ac- 
tivation. These results are summarized in Table 2. 

Figure 4 illustrates the effect of cycloleucine on a neuron 
sensitive to L-leucine. This cyclic analogue is able to 
produce a strong response with a high instantaneous fre- 
quency (up to 30/sec), but with a very long latency (1 min) 


TABLE 2 
EFFECTS OF TWO LEUCINE ANALOGS AND LATENCIES OF 
FIVE NEURONS SENSITIVE TO LEUCINE 





D-leucine 
Effect 


Cycloleucine 
Effect 


L-leucine 
Effect 


Receptor 


Number Lisec) Lisec) Lisec) 





10 t 60 ++ 60 
12 
10 
15 


> 





NT=not tested. 
L=latency in seconds. 


(Fig. 4B) while the activation with L-leucine was produced 
after only 9 seconds (Fig. 4A). The activation observed with 
cycloleucine was not typical of the discharge of intestinal 
vagal chemoreceptors activated by natural L-amino acids, 
which always occurred with a very short latency (9 sec on 
the average), and with an irregular pattern of discharge (Fig. 
4B). 

Results obtained from a unit tested with D-leucine are 
presented graphically in Fig. 5. The effect of D-leucine on a 
receptor activity which was tonically increased by L-leucine 
(Fig. 5A) was not significant: this non natural amino acid 
produced a very slight response with a very long latency (1 
min) (Fig. 5B). The 2 other cells tested with D-leucine 
showed no response to this amino acid. 
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FIG. 6. Specificity of intestinal vagal chemoreceptor towards the type of nutrient (glucose or amino acids). In A: specific response of one 
vagal unit elicited by arginine duodenal infusion (250 mM). In B: specific activation of one vagal unit by infused mixture of 12 amino acids 
and non specific activation by this mixture of another vagal unit which is also activated by glucose infusion (10%) in C. In D: rapid activation 
of these 3 vagal receptors by intravenous injection of phenyldiguanide (PDG, 100 wg/kg IV) which is known to stimulate only non-medullated 


fibers. 


Effect of Glucose Infusions 


Only 5 of the 36 units responding to amino acid infusions 
were also activated by 10% glucose infusions. In this case, 
the discharge latency was comparable but the degree of glu- 
cose activation depended on the unit tested (receptor 
number 5, 8, 12, 17). These results are indicated in Table 1. 
Conversely, 31 of these units proved to be responsive in a 


specific manner to amino acid nutrients. A multiunit record- 
ing obtained from 3 types of neurons (two specific to amino 
acids, and one non-specific) is presented in Fig. 6: one re- 
sponding only to 12 amino acid mixture (Fig. 6B); one re- 
sponding to both amino acid mixture and glucose (Fig. 6B, 
6C); one responding to arginine (Fig. 6A), but completely 
insensitive to glucose (Fig. 6C). 
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FIG. 7. Effects of control infusion and mechanical stimulation on the activity of intestinal vagal chemoreceptor responding to L-leucine. In 
A: specific response of a vagal unit elicited by duodenal infusion of L-leucine 250 mM dissolved in Krebs Henseleit buffer pH 7.4. In B 
control infusion, consisting of Krebs Henseleit buffer alone, does not affect the chemoreceptor discharge which decreases gradually. In ¢ 
no effect of mechanical stimulation produced by rapid emptying of duodenal content by means of air injection 


Effect of Non-Chemical Stimulations 


No unit responsive to amino acid infusions was activated 
when control infusions with buffer solution pH 7.4 alone 
were performed, either before amino acid infusion or several 
minutes after the response to amino acid infusion had been 
stopped. But when buffer solution was infused in order to 
rinse the intestinal content, just after amino acid infusion, a 
slight short enhancement of the response to amino acids 
would occur (Fig. 7B). This slight reactivation did not last 
more than a few seconds and seemed to be due to microvillus 
movement which facilitates amino acid intestinal absorption. 
This enhancing effect of rinsing on the amino acid induced 
discharge was observed for 11 units out of the 19 tested 
(Table 1). 

In order to establish whether amino acid sensitive 


neurons respond to osmotic pressure changes, we performed 
duodenal infusions with NaCl solutions at the same osmotic 
pressure as the amino acid infusion, i.e. 230 m-osmoles/l. 
Figure 8 illustrates the effect of this increase in osmotic pres- 
sure On a unit increased by duodenal infusions of leucine 
(Fig. 8A), responsive to arginine infusions (Fig. 8B) and 
completely insensitive to infusion of NaCl (Fig. 8C) indicat- 
ing that osmotic pressure is not the stimulus for these vagal 
receptors. 

The effect of mechanical stimulation was tested on all 
receptor discharges. For this purpose, we used a distension 
of the intestinal wall produced with an air infusion intro- 
duced by a syringe or by a rapid emptying of the perfusate. 
No units responsive to amino acid infusions were activated 
by air infusion or rapid emptying, which indicates that the 
possible mechanical effect of amino acid infusions is not the 
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FIG. 8. Effect of two amino acids, leucine and arginine, and the osmotic pressure on the response of one intestinal vagal chemoreceptor. In 
A: Response of vagal unit produced by L-leucine infusion (250 mM). In B: reactivation of the same unit by arginine infusion (250 mM). In C: 
NaCl at the same osmotic pressure (230 m-osmoles/l) elicited no discharge. This result showed that osmotic pressure was not a potent 
stimulus for this chemospecific receptor. 


stimulus for amino acid effects on neurons. Additionally, 
digital compressions had no effect on the chemoreceptor dis- 
charge. 

Figure 7 illustrates the ineffectiveness of rapid emptying 
of intestinal contents (Fig. 7C) in terms of the activity of a 
chemoreceptor responsive to leucine infusion (Fig. 7A). 


Type of Fibers Responding to Amino Acids 


By means of electrical stimulation of the cervical vagus 
nerve we were able to measure the conduction velocity of 
the vagal units recorded (Fig. 2). The values obtained ranged 
between 0.8 and 1.4 m/s, proving that all the fibers activated 
by intestinal amino acid infusions belong to the C type. 


Figure 6D shows the effect of an intravenous injection of 
phenyldiguanide (100 ug/kg) known io activate only fibers of 
the C type, on 3 neurons responsive to amino acids (Fig. 
6A, 6B). This drug produces a strong response in all these 
fibers. 


DISCUSSION 


These results provide evidence of vagal intestinal sen- 
sitivity to amino acids. They are therefore in agreement with 
the existence of a preabsorptive chemoreception as 
suggested in studies of feeding behavior control [5, 8, 37, 38, 
50, 53] as a means of explaining the information conveyed to 
the central nervous system about the nature of ingested nu- 
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triments before their absorption by the blood. The activation 
of vagal neurons by the amino acids infused intraduodenally 
involves a very short latency as can be seen in Figures 2A, 
2B. This implies a superficial mucosal location of these vagal 
nervous endings. Actually it is unlikely that the amino acid 
blood concentration is significantly increased within such a 
short duration (a few seconds) and thus postabsorptive 
chemoreceptors could be stimulated (our preliminary and 
unpublished results using tritiated leucine do not indicate 
any significant radioactivity in blood under our experimental 
conditions at the onset of vagal activation). 

The fibers connected with these amino acid receptors 
have a conduction velocity of 1 m/sec on the average. Thus 
they belong to the non-medullated vagal sensory component, 
the diameter of which was close to 1 wm [31]. With the 
infusion technique used in this study, unfortunately it was 
not possible to determine the exact position of these recep- 
tors. Histological data obtained in the cat by Mei [32] show 
the different possible locations of these vagal nervous 
endings. They must be located: (a) in the vicinity of the 
epithelial cells, or (b) close to the blood vessels, or (c) in the 
lamina propria. In view of the discharge characteristics of 
the receptors responsive to amino acids, they seem to re- 
spond in a similar way to vagal glucoreceptors discovered 
recently in our laboratory [32]: their low discharge frequency 
and the short latency of their activation are quite compara- 
ble. These two types of receptors are insensitive to osmotic, 
mechanical, thermic or pH changes and thus are strictly 
chemosensitive. They are distinct in respect of their speci- 
ficity towards the chemical stimulus. Although some recep- 
tors activated by intestinal amino acids can be also activated 
by intestinal glucose, most of them are insensitive to this 
type of nutrient and thus they are specific in regard to amino 
acids. Moreover these amino acid receptors responded dif- 
ferentially to the type of infused amino acids. 

To the best of our knowledge, there is little data available 
to help understand what kind of mechanism is involved in the 
transduction of the chemical information occurring at intes- 
tinal level that results in a receptor potential at the nervous 
ending level. Nevertheless, the present findings provide 
some possible explanations. In the light of the histological 
data by Mei [32], the vagal nervous endings are localized at 
post-epithelial level only, therefore it is very likely that the 
nutrient must be actively transported through the 
enterocytes and absorbed by Na- and energy-dependent sys- 
tems to reach the neuroreceptor. No significant responses 
observed after D-leucine infusion, as described in Table 2 
and Figure 5, seem to indicate that this non-natural amino 
acid is not recognized by the chemoreceptors. After 
D-leucine infusion, L-leucine produces with the same la- 
tency a weaker activation of the receptor which might 
suggest a competitive mechanism between these two amino 
acids for the activation of the chemoreceptors. Moreover 
cycloleucine produces a different and later activation of a 
chemoreceptor responsive to L-leucine as described in Fig. 
4. For this cyclic amino acid, the activation mechanism of 
the receptor seems to be different from that of the linear 
analogue, though both amino acids are actively transported 
in the same way. Non-metabolized amino acid, like cy- 
cloleucine, being able to activate the chemoreceptor, supports 
the interpretation that it is not a metabolism product which is 
recognized by nervous endings but probably the amino acid 
itself. Obviously, more data are required before a more com- 
plete explanation can be presented. 

A heterogeneous population of amino acid receptors, ex- 


hibiting a differential specificity, seems to be required to give 
the CNS precise information about the quatity and probably 
also the quantity of amino acids absorbed. Indeed the low 
discharge frequencies generally observed for each fiber pro- 
vide the CNS with little information about the peripheral 
situation. 

There is growing evidence that the protein content and 
amino acid composition of the diet are two among numerous 
factors liable to influence food intake, particularly its short- 
term regulation [11, 12, 39, 40]. Proteins are highly satiating, 
much more than carbohydrates but surprisingly the glucose 
satiating effect has been studied more extensively [5, 8, 37, 
38, 50, 53]. 

Recent investigations show that food intake repletion, in 
the rat, differs according to the macronutrient content of 
isocaloric meals [12] and thus, satiety would be rather more 
nutrient specific than ergostatic [44]. Anderson [2] argues 
that mechanisms that control protein intake are as quantita- 
tively accurate as those controlling energy intake. 

It is logical to assume that specific signals for amino acids 
arise from the gut. Indeed, some recent data by Geary [11] 
point to the need for a gastrointestinal mechanism for the full 
expression of protein induced satiety. 

The signals which control protein intake have not so far 
been clearly defined. Those which have been the most fre- 
quently mentioned until now, take place after amino acid 
absorption by the blood flow. Russek [45] has emphasized the 
existence of hepatic receptors which respond to ammonium 
ion, monitoring neural control of food intake when the nutri- 
ents are absorbed. In long term experiments, involving high 
protein or imbalanced amino acid diets, the blood amino acid 
concentration has been suggested as a cue for the central 
nervous system [1, 19, 26, 43], particularly the prepyriform 
cortex [20]. On the other hand, hypothalamic chemosensi- 
tive neurons responding to changes in blood amino acid 
composition have been functionally identified by Wayner 
[51]. 

These intestinal vagal amino acid receptors might influ- 
ence the short term regulation of protein intake because: (a) It 
is very important that an early signal concerning both quality 
and quantity of ingested amino acid should exist before their 
absorption by the blood; one reason for example is the lim- 
ited capacity of the liver to deaminate amino acids; (b) Fluc- 
tuations in plasma amino acids have been thought to mediate 
responses to imbalanced amino acid diets but this signal is 
probably not involved in normal feeding situations. Par- 
enteral infusions with balanced amino acid diets have not 
consistently affected food intake [4, 14, 35, 49] and the plasma 
amino acid changes are not the same in these two situations; 
(c) Various behavioral experiments have evidenced the 
existence of intestinal chemoreceptors. Indeed, the latency of 
food intake response [24] and the importance of the chemical 
properties of the intraduodenal infusions suggest the pres- 
ence of such receptors sensitive to amino acids in the intesti- 
nal lumen [39]. Vagal glucoreceptors have recently been 
found in the intestinal wall [32]; these respond to ingested 
carbohydrates and their role in nervous control of in- 
sulinemia has been recently investigated [33]; (d) The 
duodenum and jejunum are the site of absorption for the 
nutrients and thus are favourably situated at the peripheral 
level to have nervous endings responding specifically to in- 
gested nutrients before their absorption; (e) The role of the 
vagus nerve in the short term regulation of food intake has 
been proved beyond doubt [39,42]. For carbohydrates it has 
been clearly demonstrated that their peripheral satiating ef- 
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fect needs the functional integrity of the vagus nerves [39]. In 
the case of amino acids, vagal mediation is less obvious al- 
though Novin [39] recently found that the vagotomized rat 
no longer suppressed its food intake to duodenal infusions of 
amino acids. 

Which are the central structures involved in protein in- 
take control, and among them which are the structures that 
receive information from the intestinal amino acid receptors? 
Experimental lesions have emphasized the importance of the 
prepyriform cortex in food intake regulation with imbalanced 
amino acid diets [20]. It has also been suggested that other 
structures are concerned, especially under normal feeding 
conditions. The amygdala and VMH (hypothalamus) seem to 
play a role in protein intake regulation, in the cat [21, 22, 23). 


JEANNINGROS 


However, in the rat, VMH and LHA areas of the hypothal- 
amus do not seem to be involved in the satiating effect of 
duodenal amino acid infusions [39]. Unitary recordings at 
VMH and LHA levels in the anesthetized cat following 
duodenal amino acid infusions which activate the vagal 
chemoreceptors under consideration, show a clear modifi- 
cation of hypothalamic neuron activity (unpublished obser- 
vations). It is not surprising that these areas that receive 
important vagal projections [15] and which are known to play 
a role in the short term regulation of food intake, are influ- 
enced by satiating messages originating at the intestinal 
level. The nature of this hypothalamic control by intestinal 
chemosensitive neurons will shortly be examined in more 
detail. 
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LEVINE, A. S.,S. S. MURRAY, J. KNEIP, M. GRACE AND J. E. MORLEY. Flavor enhances the antidipsogenic effect of 
naloxone. PHYSIOL. BEHAV. 28(1) 23-25, 1982.—Naloxone suppressed ingestion of tap water following a 15 hour 
deprivation at doses of 20, 10 and 5 mg/kg. Addition of saccharine (0.2%), saline (0.8%), sucrose (2%) and HCI (0.1 M) to tap 
water resulted in an increased sensitivity to naloxone-induced suppression of water intake following the 15 hour depriva- 
tion. The volume of quinine solution (0.1%) consumed was not altered by administration of naloxone. We suggest that 
naloxone suppresses drinking behavior due to alterations in taste perception. 


Drinking Taste Naloxone Flavor 


Water deprivation 


Oropharyngeal factors 





NEUROACTIVE peptides including angiotensin II [8, 19, 
28], eledoisin [5], substance P [3,7], bombesin [4] and the 
opioid peptides [10,29] are involved in the regulation of 
water intake. The role of opioid peptides in drinking behav- 
ior is not clear. Morphine [28], endogenous opioid peptides 
[28,29] and the opioid antagonists, naloxone [11,19] and nal- 
trexone [19], inhibit drinking behavior. Opiate antagonists 
nearly completely suppress water intake elicited by 
angiotensin, salt-induced drinking and polyethyleneglycol- 
induced drinking, whereas they only attenuate deprivation- 
induced drinking [19]. 

Aside from peptidergic control of water intake, 
oropharyngeal factors such as taste, temperature and dry- 
ness of the mouth and pharynx influence water intake [6,20]. 
Rats and humans prefer dilute solutions of sugars, alcohol, 
and salt to water; whereas at high solute concentrations 
water is preferred [6]. This phenomenon of an inverted 
U-shaped curve relating intake to concentration (i.e., 
preference-aversion drinking) is not well understood, al- 
though it is known that various flavors can stimulate the 
taste buds eliciting chorda typani nerve discharges [20] and 
gustatory responses to water, glucose and saline occur in the 
rat lateral hypothalamus [17]. Recently, a relationship be- 
tween flavor and the antidipsogenic (decreased ingestion of 
water) effect of substance P has been reported. The 
antidipsogenic effect of substance P was markedly reduced 
when sucrose, saccharine or quinine was added to the water 
[15]. In the present study, we demonstrate that flavor can 
modulate the antidipsogenic effect of naloxone. 


METHOD 


We used 300 male Sprague-Dawley rats (100-150 g; 
Biolab, St. Paul, MN) maintained in a light controlled room 
(lights on 0700-1900 hr) with free access to Purina rat chow 


and water ad lib in these experiments. Water intake was 
stimulated by water depriving the animals for 15 hours prior 
to the experiments (food given ad lib). At the time of each 
study rats were removed from their home cages and placed 
in plastic boxes unfamiliar to the rats. Water bottles were 
equipped with sipping tubes with ball bearing tips and were 
weighed to the nearest 0.1 g before and after each study. 
During the experiment the animals had free access to 
either water, saccharine (0.2%) saline (0.8%), sucrose (2%), 
HCI (0.1 M) and quinine (0.1%) for a 60 minute period. In 
each experiment, either unadulterated tap water or the fla- 
vored water was offered to the rats and a dose response to 
naloxone was conducted. Naloxone hydrochloride (kindly 
supplied by Endo Laboratories, Menlo Park, New Jersey) 
was dissolved in saline and administered subcutaneously in 
the appropriate dose. A control group (no drug; saline SC) 
was always included for each trial to allow for animal and 
temporal variation. Rats in the present study were tested 
more than once; however, a cross-over design was used so 
that no group of animals received the same treatment on the 
subsequent trial. Data were analyzed by a one way analysis 
of variance [26]. All data are expressed as the mean +SEM. 


RESULTS 


Rats consumed 6.3 0.6 g/hour of water following the 15 
hour water deprivation period. Animals consumed more of 
the sweet and salty solutions and less of the sour and bitter 
solutions in comparison to tap water (Table 1). In a previous 
study [15] we reported that rats drank less saccharine solu- 
tion than water; however, it is known that rats may drink 
more or less of saccharine solutions and that this trait is 
genetically determined [6]. Since rats ingested different 
levels of fluid based on the dipsinogen used (saccharine, 
saline, sucrose, HCl, quinine), data are expressed as percent 
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FIG. 1. Effect of naloxone on volume of water or flavored solutions consumed (expressed as a % control) 


over a 60 minute period (+p<0.05). 


TABLE | 


MEAN AMOUNTS (+SEM) OF FLUID INGESTED OVER 60 MINUTES 
IN THE BASAL STATE 





Water 6.3 + 0.6 
Saccharine (0.2%) SF + 1.4" 
Saline (0.8%) 11.1 my 
Sucrose (2%) 8.4 + 0.5” 
HCI (0.1 M) 4.3 + 0.4* 
Quinine (0.1%) 22202" 





*p<0.05 compared with volume of water ingested. 


reduction of the control values (no drug) for each dipsinogen 
to simplify evaluation of the effect of naloxone. It should be 
noted that under certain circumstances naloxone reduces in- 
take by a specific amount [19]. In the present study fluid 
intake fell by 3.3+0.5, 5.8+0.7, 8.6+0.4, 4.7+0.5, 2.5+0.4 
and 0.8+0.1 cc in the water, saccharine, saline, sucrose, 
HCl, and quinine following administration of 20 mg/kg 
naloxone. Naloxone suppressed water ingestion at the 20, 10 
and 5 mg/kg dose, whereas ingestion of the saccharine, saline 
and sucrose were all significantly suppressed at lower doses 
of naloxone (Fig. 1). Ingestion of the quinine solution was 
not significantly altered by any dose of naloxone used in the 
present study (Fig. 1). 


DISCUSSION 


Naloxone is known to suppress both ingestion of food and 


water [2, 11, 14, 19, 29] by a variety of stimuli, suggesting 
that the endogenous opiates may be involved in a general 
way in the integration of ingestive behaviors. Central admin- 
istration of the endogenous opiates is known to initiate feed- 
ing in sated rats [9, 16, 24]. However, in the case of drinking 
behavior, the role of the endogenous opiates is not as clear. 
Decreased water consumption in the presence of naloxone is 
somewhat surprising since previous studied showed that the 
classical opiate receptor agonist, morphine, inhibited 
angiotensin I]-induced drinking [27]. Maickel, et al. [13] ob- 
served a biphasic action of morphine on water deprivation- 
induced drinking behavior. High doses of subcutaneously 
administered morphine inhibited drinking, whereas a poten- 
tiated drinking response occurred after low doses. Thus, it 
seems possible that opiate receptor antagonists inhibit drink- 
ing behavior by blocking the action of an endogenous opioid 
ligand which facilitates drinking behavior. 

The present study indicates that flavor can modulate the 
potency of an antidipsogen. We have previously reported 
that flavor reduces the antidipsogenic effect of substance P 
[15]. Doses of substance P as high as 100 ywg/kg did not re- 
duce the ingestion of solutions containing saccharine, su- 
crose or quinine, whereas ingestion of the saline solution was 
markedly reduced. In contradistinction, the data from the 
present study indicate that solutions of saccharine, sucrose, 
salt and HCl enhance the antidipsogenic effect of naloxone. 
One possible explanation for this phenomenon is that 
naloxone results in decreased taste acuity for sweet and salt 
substances and an enhanced perception of the sour taste. 
Normally rats ingest larger volumes of solutions containing 





FLAVOR AND NALOXONE 


salty or sweet substances. If naloxone diminishes perception 
of these flavors rats would no longer drink larger quantities 
of the flavored solutions and might therefore drink quantities 
of these solutions approaching their normal intake of tap 
water. At the 0.5 mg/kg dose of naloxone, rats drank less of 
the sweet and salty solutions when compared with the vol- 
ume of water drunk (Fig. 1) (Table 1). Others have also found 
that ingestion of a sucrose solution may be attenuated by 
naloxone [12,27]. In contrast, rats normally drink less of a 
sour solution (HCl). Addition of naloxone further suppressed 
this effect suggesting that this flavor was perceived more 
acutely. The quinine solution seemed to have a maximum 
aversive effect and naloxone treatment did not alter the very 
small volume of quinine solution that was ingested (although 
there was a tendency for naloxone to decrease ingestion of 
the quinine solution). LeMagnon and colleagues [12] re- 
ported that spontaneous aversion to a quinine HCI solution 
was enhanced when rats were offered the solution 30 min- 
utes after naloxone (1 mg/kg). The results in the present 
study are in accord with the observation that sweet and salty 
tastes are detected most readily at the tip of the tongue, sour 
ones at the sides and bitter ones at the base [18]. 

It has been suggested that opiate antagonists suppress 
drinking behavior by a central mechanism [19]. The percep- 
tion of taste is also known to be centrally mediated via the 


somesthetic lemniscal system [18]. Fibers in the facial (VII) 
and glossopharyngeal nerve (IX) innervate the taste buds 
entering the brain stem and synapsing in the nucleus of the 
solitary tract. Solitary tract fibers project along the medial 
lemniscus to the thalamic nuclei. Since beta-endorphin fibers 
have been identified in the thalamus [1], it seems reasonable 
that the opiates could influence taste. In addition, gustatory 
responses to water, glucose and saline occur in the rat lateral 
hypothalamus [17], a region noted to contain high concen- 
trations of endogenous opiates [23]. 

The concept that a drug may alter taste perception was 
first suggested in 1892 when it was demonstrated that gym- 
nemic acid (extract of leaves of Gymnema sylvestre) reduces 
sensitivity for sweet and bitter [24]. Other pharmacological 
substances such as stovaine, cocaine and the Sudanese 
plant, Bumelia dulcifica, show differential effects on taste 
[21]. The data in the present study suggest that opiate block- 
ade alters taste perception, perhaps by diminishing the per- 
ception of sweet and salt and increasing the perception of 
sour. The pleasantness of the taste of water has been re- 
ported by humans to increase when they are thirsty due to a 
24 hour water deprivation [22]. Thus, one way that naloxone 


may diminish drinking and feeding behaviors may de due to 
alterations in perception of taste. 
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KOSTARCZYK, E. AND E. FONBERG. Heart rate mechanisms in instrumental conditioning reinforced by petting in 
dogs. PHYSIOL. BEHAV. 28(1) 27-30, 1982.—The aim of this experiment was to determine heart rate (HR) responses 
during conditioned stimuli (CS) and the petting reward (US) delivered by the experimenter to the dogs after performance of 
the instrumental conditioned response (CR). It was found that in five dogs for which petting served as a positive reinforce- 
ment the delivery of petting was accompanied by cardiac deceleration followed by sudden acceleration at the moment of 
petting withdrawal. Presentation of CS evoked heart rate deceleration until performance of the first CR. At the start of 
performance of CRs, heart rate accelerated. It was suggested that heart-rate deceleration is an important component of 
cardiac response to petting reward and, that probably, it is associated with the hedonic aspect of the reinforcement 


Instrumental conditioning Heart rate 


IN previous work [5,6] we have demonstrated that petting of 
a dog by an experimenter could serve as a reward in the 
training of a conditioned instrumental response. If the pet- 
ting possesed a rewarding value, then the determination of 
heart rate responses during petting could serve as a model of 
the peripheral autonomic responses related to the appeti- 
tively reinforcing stimuli. As shown by Gantt [7] petting of a 
dog by the experimenter, as a rule, evokes cardiac decelera- 
tion. However, as it was later demonstrated, the cardiac 
response to petting depends upon the dog’s strain [19], indi- 
vidual emotionality of a dog [18], the age of a dog [16], and 
probably upon the part of dog’s body which was petted [8]. 
On the other hand it was demonstrated that tactile stimula- 
tion derived from an experimenter normalizes cardiac accel- 
eration caused by aversive stimuli in dogs [1,17] and in hu- 
mans [10]. However, when a dog was petted by an experi- 
menter who had previously punished it, the acceleration of 
heart rate was observed [7]. Similar observations were done 
in humans by Gattozzi [10]. In schizophrenic patients in 
whose human relationships were perturbed, tactile stimula- 
tion performed by an experimenter evoked acceleration of 
the heart rate. These data suggest that tactile stimulation 
evokes cardiac deceleration only in such cases when its 
emotional contents is positive or pleasant. 

The analysis of changes in heart rate during petting re- 
ward and during conditioned stimuli reinforced by petting, 
presented below, seems to be an appropriate model to study 
the relationships between reward caused by petting and pe- 
ripheral autonomic responses. 


METHOD 


The experiment was carried out on eight naive, adult 
mongrel dogs. 


Petting reward 


Dogs 


Instrumental Training 


The dogs were trained to put the foreleg on the food-tray 
(CR) in the reflex-chamber for the conditioned stimuli (CS) 
which were reinforced by petting on the back and head of the 
dogs for 20-30 sec. A CS tone from generator of 500 Hz and a 
duration of 20 sec was used. Petting started after 10 sec of CS 
duration and CS was continued for the following 10 sec. A 
more detailed description of method and the course of train- 
ing was described previously [6]. 

Heart rate was recorded using three electrodes fastened 
on a leather belt placed around the chest of a dog. Heart rate 
response to the conditioned stimuli and to the unconditioned 
stimuli was measured by counting the number of R-waves in 
consecutive intervals. Thus, the number of R-waves occur- 
ring 10 sec before CR onset, the number of R-waves occurring 
during the 10 sec of CS and the number of R-waves in the 10 
sec immediately following the US were counted. To deter- 
mine the magnitude of the heart rate response to the uncon- 
ditioned stimuli (US), time duration of each US was divided in 
three equal intervals and the number of R-waves occurring in 
each of them was counted. In order to determine the cardiac 
patterns typical for petting reward, 20 trials were taken into 
account in such period of training when each dog had reached 
the criterion of the instrumental performance. The mean 
heart-rate for each dog was calculated from these 20 trials and 
then converted to beats per minute. Additionally, heart-rate 
responses to the unconditioned stimuli during first stage of 
training were counted in the same manner. To determine 
statistical significance of the heart rate response, analysis of 
variance [15] and Duncan test [4] were used. All analyses 
were done using averaged cardiac responses (in beats per 
minute) of each individual dog for the examined periods of 
time. 
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FIG. 1. Mean HR from 20 trials (in beats per | minute) for six dogs 
who reached criterion in the instrumental training in consecutive 
periods of experimental trial during: pretrial periods (0), exposition 
of CS (1), during three consecutive periods of petting (2, 3, 4) and 
after petting withdrawal (5). 


RESULTS 

In six dogs which achieved the criterion in the instrumen- 
tal training, great variability of heart rate (91-175 heart beats 
per one minute) was observed. However, the dynamic 
changes in cardiac activity observed during all experimental 
situations was (except for one dog, SK-18) similar and com- 
parable within the group (Fig. 1). SK-18 behaved atypically: 
during petting it was excited, playing with experimenter and 
it has the lowest need for petting which was determined in a 
special test [6] and, moreover, its performance deteriorated 
greatly during overtraining. Taking these observations into 
account, we excluded this dog from further analysis. Figure 
2 shows the differences between pretrial heart-rate and heart 
rate during consecutive periods of the experimental situa- 
tion. Analysis of variance (Periods x Subjects) showed the 
significant influence of analyzed periods on heart rate, 
F(5,20)=5.57, p<0.005. Statistical validation of characteris- 
tic differences in cardiac activity during all experimental 
situations was done using a Duncan test. It allowed descrip- 
tion of the cardiac pattern as follows: Exposition of 10 sec- 
onds of conditioned stimulus evoked acceleration of heart 
rate which however, was not statistically significant. It was 
probably caused by the fact that presentation of CS until the 
performance of first instrumental response resulted in heart 
rate deceleration, and heart rate acceleration occurred only 
later, during performance of conditioned instrumental re- 
sponses (Fig. 3). When an experimenter began to pet a dog, 
the heart rate decelerated. The magnitude of the heart rate 
(HR) deceleration response was dog-dependent (see Fig. 2). 
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FIG. 2. Pattern of HR responses during petting reinforcement. 
Difference in HR responses in individual dogs during: CS exposition 
(1), three consecutive periods of petting (2, 3, 4) and after petting 
withdrawal (5) in comparison to the pretrial period (0). 
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FIG. 3. Differences in HR responses (in beats per 1 min) during 
exposition of CS: until the first CR (open bar) and during 10 sec of CS 
(crossed bar) in comparison to the pretrial period (0). 
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FIG. 4. Patterns of HR responses during consecutive periods of 
experimental session: pretrial period (0), three consecutive periods 
of petting (2, 3, 4) and after petting withdrawal (5) in initial (the solid 
line) and criterial (the dashed line) period of training in individual 
dogs. 


Although heart rate during US did not differ statistically 
from the pretrial level of heart rate, it differed significantly 
(p <0.05) in comparison to the period of CS exposition. Dur- 
ing consecutive periods of petting, deceleration of heart rate 
progressed but not significantly. Withdrawal of petting 
caused significant heart rate acceleration in comparison to 
the last period of petting (p<0.01). Such cardiac patterns 
appeared consistently not only within the group, but it was 
also comparable in two completely different stages of train- 
ing: in the first stage of training (1-9 experimental sessions) 
and in the criterial sessions (Fig. 4). Analysis of variance 
(Periods x Stages x Subjects) showed significant influences of 
experimental periods, F(4,16)=4.3072, p<0.025), and non- 
significant influence of training stages. Interaction between 
experimental periods and training stages was nonsignificant 
too. In spite of the fact that, in the course of instrumental 
training, variability of the general cardiac activity was ob- 
served, the stability of the cardiac pattern (deceleration) to 
the petting was maintained. It should be noted that the above 
described cardiac pattern accompanying the petting reward 
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FIG. 5. Cardiac pattern in three atypical dogs (for detailed explana 
tion see text) in comparison with typical pattern (mean from 5 dogs) 
0—before CS, 1. CS, 2, 3, 4—consecutive periods of petting, S—afte1 
petting. Dashed lines—patterns of heart rate in individual atypical 
dogs, solid line—mean from 5 dogs. 


could be referred only to these dogs who performed con- 
ditioned instrumental responses for petting reward i.e., when 
petting could be considered, without any doubt, as rein- 
forcement. In dog SK-18 and two other dogs (SK-20 and 
SK-21) which were rejected from experiments after 20 ses- 
sions because of unsatisfactory progress in the instrumental 
training the pattern of cardiac response was quite different 
(Fig. 5). What was striking was that, in these dogs, petting did 
not result in cardiac deceleration, but in the opposite, the 
clear acceleration of heart rate occurred. 


DISCUSSION 


Our data agree with earlier observations of Gantt and his 
collaborators (1, 7, 9), that petting of a dog by an experi- 
menter in most cases produces deceleration of dog’s heart 
rate. Evident cardiac deceleration during petting was ob- 
served in five mongrel dogs in which strain and individual 
emotionality were different. The common feature of these 
five dogs, which all demonstrated cardiac deceleration in 
response to petting, was that they stably performed con- 
ditioned instrumental responses for petting reward i.e., for 
them petting played without any doubt, the role of rein- 
forcement. The opposite pattern of cardiac responses to the 
petting i.e., acceleration of heart rate occurred in three dogs. 
It should be noted that for these three dogs the role of petting 
as the reinforcement was highly questionable. Two dogs 
(SK-20 and SK-21) were rejected from experiments because 
of unsatisfactory progress in instrumental training. The third 
dog (SK-18) in spite of reaching the criterion, its perform- 
ance deteriorated during overtraining and during petting it 
behaved atypically, demonstrating indifference. Even if the 
petting was not aversive for all these three dogs it was either 





indifferent or not especially desired. Our data suggest that 
tactile stimulation evokes cardiac deceleration when its 
emotional content is pleasant and rewarding. 

The relationships between cardiac deceleration and 
pleasant sensations were stressed already by Lacey [13,14]. 
The physiological support for this hypothesis was given re- 
cently by Kumada [12] who experimentally demonstrated 
the links between cardiac deceleration and activation of sen- 
sory afferents. As we have no doubt that petting reward acts 
mainly through the activation of sensory afferents, the de- 
celerative response during petting seems to be strongly re- 
lated to the sensory mechanisms. It is of interest to note here 
that cardiac deceleration occurs, as a rule, immediately 
when petting is introduced and withdrawal of petting results 
in the sudden heart rate acceleration. There is evidence that 
cardiac deceleration is closely connected with perception of 
such tactile stimulation, and probably also with other mech- 
anisms indispensable to create the potent reinforcement 
from this kind of pleasant sensations. Moreover, it seems 
probable that these pleasant sensations could be conditioned 
because cardiac deceleration occurs also during first phase 
of CS’s exposition (until the first CR), while during next 
phase of CS’s exposition (connected with instrumental per- 
formance) heart rate accelerates reflecting either the excita- 
tory function of the CS, itself or of the instrumental perform- 
ance as such. Our data speak for the physiological base of 
sensory reward. The rewarding property of petting is deter- 
mined by its hedonic value which depends upon the physi- 
ological state of the organism [3,21]. According to Wyrwicka 


KOSTARCZYK AND FONBERG 


[21] the *‘better state of being,”’ in both physiological and 
sensory hedonic meaning, is sufficient basis for reinforce- 
ment. The hedonistic theories of reward stress that a pleas- 
ant stimulus could become a reward only if its further con- 
sequences are beneficial for an organism. As it was de- 
scribed previously [6] during petting the dogs became quiet 
and relaxed. This relaxation caused by petting, connected 
with heart rate deceleration may produce the physiological 
benefit for our dogs and it could be one of the factors which 
determine the reward from this kind of pleasant sensation. 
However, the question of whether heart rate deceleration is 
a result of the relaxation produced by pleasant stimulation 
or, in the opposite, are the pleasant sensations evoked by 
heart rate deceleration remains open. Relationships between 
the state of an organism (in the sense of its drive’s level, 
consummatory activity or satiation’s state) and autonomic 
responses were pointed by several authors [2,11]. For 
example it should be noted that during the gentle stroking of 
cat’s back [20] cortical synchronization occurs, as well as a 
parasympathetic prevailance in the autonomic balance. Ac- 
cording to Gelhorn [10] these symptoms are similar to the 
characteristics of satiation. It is therefore probable that cor- 
tical synchronization and parasympathetic prevailance are 
connected with the hedonic value of any reward including 
Satiation and pleasant sensory sensations. The parasym- 
pathetic mediation of the heart rate’s decelerative response 
to petting seems to be very probable and needs further 
studies, which are in progress. 
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BEAN, N. J. Olfactory and vomeronasal mediation of ultrasonic vocalizations in male mice. 


PHYSIOL. BEHAV. 28(1) 


31-37, 1982.—The effects of deafferentation of the vomeronasal, olfactory or both systems of male mice on ultrasonic 
vocalizations in response to a male or female stimulus were analyzed. Regardless of the technique used, disruption of the 
vomeronasal system led to consistent reductions in ultrasonic vocalizations. Each animal receiving vomeronasal tract cuts, 
bulbectomies or a combined treatment of vomeronasal tract transection and intranasal flush with ZnSO, markedly sup- 
pressed responding to the stimulus animals. Animals treated with intranasal ZnSO, alone or those receiving control procedures 
continued to respond to the female stimulus animals at rates similar to pretreatment. These results indicate that the 
vomeronasal system is directly involved in the perception of female mouse chemosignals and, hence, mediates the male's 


responses to these signals. 


Male mice Ultrasonic vocalization Courtship 


Vocalizations 


THE dual olfactory system, consisting of the main and the 
accessory (vomeronasal) olfactory components, has been 
well described and appears as a pair of anatomically distinct 
systems with little or no overlap from the receptors to at 
least the secondary central projection sites [17,21]. Main ol- 
factory system information is received by the receptors in 
the nasal mucosa, transmitted to the mitral cells in the main 
olfactory bulbs and then carried by the mitral cell axons 
making up the lateral olfactory tract to the anterior olfactory 
nucleus, the olfactory tubercle, pyriform areas, and the 
periamygdaloid and anterior cortical amygdaloid nuclei 
[20,21]. On the other hand, the accessory olfactory system 
has its receptors in the vomeronasal organ which is located 
in the ventro-rostral portion of the nasal cavity. These recep- 
tors project directly to the accessory olfactory bulbs which 
send axons through the lateral olfactory tract to the posterior 
and corticomedial amygdaloid nuclei [17,21]. Thus, although 
the two systems are anatomically separate, evidence for a 
functional dichotomy between the systems has only recently 
been proposed. 

A functional olfactory system is extremely important for 
sexual behavior in mice and hamsters. For example, bilateral 
olfactory bulbectomy has been shown to completely elimi- 
nate mating behavior in males of these two species [6, 11, 18, 
19, 25, 26]. In contrast to bulbectomy, peripheral olfactory 
impairment by intranasal zinc sulfate (ZnSO,) does not reli- 
ably decrease mating behavior [3, 8, 14, 19]. This difference 
could be primarily due to the observation that total bulbec- 
tomy destroys both the main and accessory olfactory bulbs, 
while ZnSO, treatment is thought to impair primarily the 
main olfactory system leaving the vomeronasal system vir- 
tually intact [27]. 

For hamsters the accessory system is of primary impor- 
tance for the modulation of reproductive behaviors. Recent 
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research indicates that disruption of the vomeronasal sys- 
tem, via vomeronasal nerve transection, while leaving the 
main olfactory system unaffected, does not maintain a nor- 
mal level of the male hamster sex behavior. However, dis- 
rupting the main olfactory system via ZnSO, treatment, 
while leaving the vomeronasal system unaffected maintains 
persistent anogenital investigation, as well as copulatory be- 
havior [15, 16, 27]. Additionally, disruption of the pump 
mechanism which brings odorants into the vomeronasal 
organ produces deficits in male hamster reproductive behav- 
ior similar to those obtained with vomeronasal nerve cuts 
[10]. 

Another aspect of male reproductive behavior that is af- 
fected by olfactory cues is precopulatory ultrasonic vocali- 
zation in male mice. Male mice readily emit ultrasounds in 
response to chemical cues from females such as soiled bed- 
ding from female occupied cages, as well as, female vaginal 
odors. Additionally, female urine clearly elicits ultrasounds 
from males while male derived odors are considerably less 
effective [2, 12, 13, 24]. 

Thus, ultrasonic vocalizations by male mice appear to be 
dependent upon the presence of olfactory stimuli, however, 
no systematic reports exist analyzing the independent roles 
of the main and accessory olfactory systems in this behavior. 
The present study was designed to dissociate the functional 
roles of the main and accessory systems in the chemosen- 
sory elicitation of male mouse vocalizations. 


METHOD 


Animals 


The subjects were 144 male and 36 female Swiss Webster 
mice housed 4 per cage in like-sex groups from weaning until 
the beginning of experimentation at approximately 100 days 
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of age. Seven days prior to testing, 110 of the males were 
individually housed while the remaining animals remained 
group-housed in 29x 18x 13-cm standard plastic mouse cages 
throughout the study. The mice were maintained on a 12:12 
L:D cycle with the lights on from 2200-1000 hrs with food 
and water continuously available. 


Apparatus 


Ultrasound testing was conducted in alcohol rinsed 
standard plastic mouse cages. The microphone of a Holgate 
Ultrasonic receiver (Model Mark V) was inserted into a 4-cm 
diameter hole cut in the clear plastic lid covering the test 
cage and was suspended approximately 12-cm above the 
clean bedding covered floor. 

The activity tests were conducted in an alcohol rinsed 
30x30-cm field divided into 9 equal sized squares. Activity 
measures included the number of lines crossed, and the 
number of counts concurrently recorded on a Lafayette 
animal activity monitor (Model 86010). 

The apparatus for the olfactory discrimination test was 
similar to one used by Vandenbergh [23] and was a 
10x 10x 15-cm clear plastic chamber with two opaque side 
tunnels (5x10x15-cm) attached at opposite sides of the 
chamber. The ends of the tunnels were baited with either bits 
of cookie (Oreo), or the shredded remains of a freshly 
smoked cigar. These stimuli were placed behind hardware 
cloth end caps, and the sides into which the stimulus was 
placed was randomized across the animals within each 
group. The behavior recorded during this test session was 
the cumulative time the mouse had both front feet within 
5-cm of the end cap of a tunnel and was oriented toward the 
baited end cap. 


Procedure 


Testing was conducted in the colony room under dim red 
illumination and was begun approximately two hours after 
lights off. Each 3-min ultrasound test session was preceded 
by a l-min habituation period during which only the experi- 
mental male was placed into the test box. If an ultrasound 
occurred during this period, an additional 2-min without an 
ultrasound was allowed to elapse before starting the test 
session. A screening session began by placing a stimulus 
male or female into the cage with the experimental animal. 
Extensive physical contact between the two animals was 
prevented by a hardware cloth barrier that divided the cage, 
affording the stimulus animal a 6-cm section at one end of the 
test box. Additionally, preliminary investigations showed 
that this barrier virtually eliminated the possibility that ul- 
trasounds emitted by the stimulus animals would be de- 
tected. Immediately following this test the experimental 
animal was returned to its home cage, and approximately 
one hour later it was retested with a different stimulus 
animal, reversing the sex of the stimulus animals from the 
first test. Ultrasounds emitted during the test period were 
quantified by dividing the 3-min test session into 36 5-sec 
blocks and counting the number of blocks during which ul- 
trasounds occurred. 

On the following day, the experimental males that emitted 
ultrasounds in response to both the male and the female 
stimulus animals during the screening trial were assigned to 
one of nine matched groups on the basis of ultrasound pro- 
duction. 


Treatment Procedures 


Five experimental treatment groups (N=8 per group) 
were formed. Animals in these groups received (1) olfactory 
bulbectomy (OB), (2) vomeronasal tract transection (VN), 
(3) nasal zinc sulfate perfusion (Z), or (4) vomeronasal tract 
transection plus zinc sulfate perfusion (VNZ), or (5) vibris- 
sectomy (VX). The OB animals were anesthesized with ether 
and placed in a stereotaxic. An incision was made in the skin 
above the frontal bone, and the bulbs exposed with a dental 
burr. The bulbs were then bilaterally aspirated and the crib- 
riform plate scraped to remove any remaining tissue. Follow- 
ing surgery the cavity was packed with Gelfoam, the scalp 
sutured, and the animal returned to its home cage. 

Vomeronasal tract cuts were similar to those described by 
Powers and Winans [15]. The VN _ animals’ were 
anesthetized, placed in the stereotaxic, and the bulbs ex- 
posed. Mueller microdissection scissors that had been filed 
to an approximate width of 0.5-mm and an approximate thick- 
ness of 0.5-mm were opened to a width of 1-mm at the tip and 
lowered manually across the midline of the bulbs approx- 
imately 1-mm anterior to the frontal poles. When the tips of 
the blades touched the cribriform plate, the scissors were 
closed and removed. The wound in the skull was then 
packed with Gelfoam and the scalp sutured prior to returning 
the animal to its cage. 

Zinc sulfate treatment followed a procedure similar to 
that described by Vandenbergh [23]. The animals were 
anesthetized, inverted, and a 1-in.x24-g blunted and bent 
hypodermic needle was inserted into the posterior choanae. 
Approximately 0.2-ml of a freshly made, room temperature 
ZnSO, solution (5%) was gently flushed through the nasal 
cavity as mild suction was applied to the external nares. The 
oral cavity was also aspirated to minimize the potential of 
intragastric ingestion of the solution. 

The vibrissae were removed from the VX Group animals 
to control for a general loss of sensory input. These animals 
were anesthetized and the mystacial vibrissae plucked out 
with forceps. 

Four control groups (N=4 per group) were employed to 
control for the effects of surgery. The OB sham animals 
received the same treatment as the OB Group except that no 
tissue was removed. Similarly, the VN sham animals re- 
ceived the same surgical treatment as the VN Group except 
that the scissors were removed without being closed. In 
order to control for the effects of perfusion of the nasal cav- 
ity, Z sham animals received the intranasal flush as de- 
scribed for the Z Group animals with the exception that a 
0.9% saline solution was administered rather than ZnSQ,,. 
Additionally, the animals receiving the VNZ sham manipu- 
lation received sham vomeronasal tract cuts in combination 
with a saline flush of the nasal epithelium. 

The animals in Groups OB, VN and their related sham 
groups received their respective treatments on the day fol- 
lowing the pretreatment test and an anesthetic dose of ether 
four days later to equate the groups for anesthetic exposure. 
The ZnSO, treated animals, their shams, and the vibrissec- 
tomized animals were anesthetized on the day following the 
screening trial and received their respective treatments four 
days later. The VNZ Group animals and their shams re- 
ceived their manipulations on both treatment days. 

Nine days after the pretreatment test session each animal 
was given a 5-min smell test and then administered either the 
activity test or the vocalization test. The procedure for the 
vocalization test was the same as in the pretreatment tests 
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except that the order of the sex of the stimulus animals used 
in this test was counterbalanced with the order of presenta- 
tion used in the pretreatment test. These tests were pre- 
sented in a counterbalanced order with a 5-min locomotor 
activity test. 


RESULTS 
Histological 


At the completion of testing, the experimental animals 
were overdosed with ether and the brains of the animals in 
the OB, OB-S, VN, VN-S, VNZ, and VNX-S Groups were 
removed and analyzed to determine the extent and localiza- 
tion of the lesions. The behavioral data for one animal in the 
OB Group and one in the VNZ Group were discarded on the 
basis of histological examination. The OB Group animal was 
rejected because the lesion extended approximately |-mm 
into the right frontal pole dorsally and 2-mm into the right 
frontal area ventrally. The VNZ animal was rejected because 
the lestion extended laterally through approximately 75% of 
one bulb. The data from these animals were eliminated from 
further analysis. 

Microscopic examination of the brains from the OB 
Group animals indicated that a relatively uniform amount of 
tissue had been bilaterally removed. Both the main and ac- 
cessory olfactory bulbs of each animal were totally ablated. 
However, slight damage was also uniformly seen in the 
anterior olfactory nucleus, and the lateral olfactory tract as 
well as slight damage to the frontal cortex. Figure | illus- 
trates the typical tissue damage observed in the animals of 
this group. 

The brains of the animals in the VN, VNZ, VN-S, and 
VNZ-S Groups were subjected to a more rigorous examina- 
tion. These brains were fixed in Formalin, embedded in 
gelatin and sliced in the horizontal plane at 50 uw. Photomi- 
crographs were prepared from every third section and every 
fourth section was stained by the Auletta method prepara- 
tory to microscopic examination. 

Figure 2 illustrates horizontal sections through the olfac- 
tory bulbs of mice depicting the approximate level of the 
accessory olfactory bulbs and the vomeronasal nerves. Fig- 
ure 2A illustrates a section through the bulbs of an un- 
lesioned mouse. The intact vomeronasal nerve can be dis- 
cerned passing along the medial aspect of the main olfactory 
bulbs and terminating in the accessory bulb region. Figure 
2B illustrates the typical damage seen following vomeronasal 
tract transection. Sectioning of the vomeronasal tract led to 
bilateral degeneration of the tract caudal to the cut as well as 
induction of gliosis in the accessory olfactory bulbs. Slight 
damage was also observed in the main bulbs at the level of 
the transection. This damage to the main bulbs was relatively 
consistent and was seen in both the glomerular and the mitral 
cell levels. In the sham lesioned animals (Groups VN-S and 
VNZ-S) the vomeronasal nerve sustained no damage and no 
degeneration was observed in the accessory bulbs, further 
indicating that the vomeronasal nerve was intact in the 
animals in this group. 


Behavioral 


During the initial pretreatment testing sessions, approx- 
imately 54% of the experimental animals emitted ultrasounds 
to both the male and female stimulus animals. Only the 
animals that responded to both stimulus subjects were re- 





FIG. 1. Representative views of the mouse brain. Crosshatched area 
represents the maximum damage, while the darkened area repre- 
sents the minimum damage produced by the olfactory bulb abla 
tions. Section A is a dorsal view; B, ventral view; C, left side view; 
D, right side view. Abbreviations: OC=optic chiasm; LOT=lateral 
olfactory tract; AON=anterior olfactory nucleus 





FIG. 2. Representative horizontal sections through mouse olfactory bulbs. The top plate (A) illustrates a 


section obtained from a normal intact mouse while the lower plate (B) illustrates a typical vomeronasal nerve 
tract transection. Abbreviations: AOB=accessory olfactory bulb; VNN=vomeronasal nerve; *=point of 


surgical intrusion. 


tained for further study. In all cases, the selected animals 
responded to the female stimulus with high rates of ul- 
trasounding and with short latencies, while the levels were 
markedly lower and the latencies longer with the male 
stimulus. Additionally, during both the pre- and the 
posttreatment test sessions the general appearance of the 
animals indicated that they were healthy and suffered no 
obvious debilitating effects from any manipulation. All the 


animals were active and maintained their pretreatment body 
weight or gained weight by the posttreatment test session. 

Preliminary analysis of the data showed that there were 
no reliable differences in behavior between any of the sham 
groups during either the pre- or posttreatment tests. The data 
from these animals was, therefore, combined into a single 
group for all further statistical analysis and graphic represen- 
tation. 
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FIG. 3. Mean (+SEM) frequencies and latencies for vocalizations emitted by the experimental animals in each group. Abbreviations 
US=ultrasounds; S=sham lesion; OB=olfactory bulbectomy; VN=vomeronasal tract transection; Z=zinc sulfate nasal perfusion; 
VX=vibrissectomy; VNZ=vomeronasal tract transection plus zinc sulfate nasal perfusion 


Initial analyses indicated that all of the data did not con- 
form to the assumptions of parametric statistics. The latency 
data were not distributed normally and did not evidence 
homogeneity of variance. All data were therefore analyzed 
by nonparametric methods. The Wilcoxson sign test was 
used for all within group comparisons, and the Mann- 
Whitney U test was used for the between group comparison 
[22]. 

Within group analyses comparing the pre- and posttreat- 
ment ultrasound data confirmed the dramatic effects of the 
central olfactory manipulations that are seen in Fig. 3. Fol- 
lowing treatment, vocalizing to both the female and the male 
stimulus animals by males in the OB, VN, and the VNZ 
Groups was reduced markedly from pretreatment levels 
(p’s<0.05). This reduction was seen in all the animals in the 
OB Group. Further, 6 of 8 of the animals in both the VN and 
VNZ Groups failed to vocalize to the female stimulus 
animal. The same two VNZ animals also responded to the 
male stimulus, but none of the animals in the OB or VN 
Groups responded to the male during the posttreatment test 
session. Concomitant increases in ultrasound latencies were 
also seen. Compared to pretreatment latencies, the 
animals in the OB, VN, and VNZ Groups exhibited signifi- 


cantly longer posttreatment latencies to emit ultrasounds in 
response to both the male and the female stimulus animals 
(p’s<0.05). 

On the other hand, posttreatment ultrasound amounts and 
latencies for the animals in the Sham, Z, and VX Groups 
were not significantly different from pretreatment scores. 
During the posttreatment test, animals in these groups vocal- 
ized at least as much to the females as they had during the 
pretreatment test, however, vocalizing to the male stimulus 
significantly decreased following treatment of the animals in 
these groups (p’s<0.05). 

Between group comparisons of the posttreatment data 
confirmed the suppressant effect upon vocalization emis- 
sions of those manipulations which impaired accessory sys- 
tem functioning. No significant differences exist among the 
animals in Groups OB, VN, and VNZ in response to either 
the male or female stimulus animals during the posttreatment 
test. Similarly the animals in the Sham, Z, and VX Groups 
did not reliably differ from each other during this test. How- 
ever, the OB, VN, and VNZ animals showed significantly 
less vocalizing to the female, and had significantly longer 
latencies to ultrasound to either the male or the female 
stimulus than did the other three groups (p’s<0.05). 
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Activity 


There were also marked differences among the groups on 
the activity measures. Bulbectomized animals were signifi- 
cantly more active than any of the other animals (p’s<0.05) 
as seen by both the activity counts, and the lines crossed 
(Fig. 4). The VNZ animals also were more active than the 
remaining groups of animals on both the measures 
(p’s<0.05) while the Sham, VN, Z, and VX animals did not 
differ significantly on either measure. 


Olfactory Discrimination 


The smell ratio presented in Fig. 4 demonstrates the 
selective nature of the different olfactory manipulations. The 
smell ratio presented in this figure was calculated as the total 
time the mouse spent in the cookie baited arm of the 
chamber divided by the total time in the cigar baited arm of 
the chamber. All animals tested spent time in each tunnel 
examining the baited end caps. Because of the aversive na- 
ture of the cigar odor [23] and the attractiveness of the 
cookie odor [12], a smell ratio of one or less indicates an 
inability to discriminate between the two odors or a lack of 
preference for one odor over the other. Conversely, a large 
positive smell ratio indicates a distinct preference for the 
cookie-baited tunnel and hence indicates the ability to dis- 
criminate between the two odors. A similar measure using 
two olfactory cues was previously used by Vandenbergh [23] 
to describe olfactory deficits. 

Manipulations affecting the main olfactory system elimi- 
nated smell discrimination capabilities. As illustrated in Fig. 
4, the animals in Groups OB, VNZ, and Z exhibited no pref- 
erence for the cookie or cigar side of the chamber and conse- 
quently showed a reliably lowered smell ratio when com- 
pared with the Sham, VN, and VX animals. Further the 
Sham, VN, and VX Group animals did not differ in their 
marked preference for the cookie-baited tunnel. 


DISCUSSION 

The results of the present experiment demonstrate the 
direct modulatory influences of the vomeronasal system on 
precopulatory ultrasonic vocalizations. Marked reductions 
in courtship vocalizations were seen following bulbectomy, 
VN tract transection as well as the combination ZnSO, 
treatment plus vomeronasal tract cut. This finding supports 
the view [15] that precopulatory behaviors are modulated by 
chemosensory cues. These findings taken together with the 
finding that ZnSO, treatment alone was virtually without ef- 
fect, while vomeronasal tract cuts were as effective as the 
bulbectomies, suggest that chemosensory modulation of this 
behavior is specific to the accessory rather than the main 
olfactory system. These results and conclusions are in 
agreement with the recent findings of other investigators as 
well. 

Nyby and Wysocki (personal communication) have found 
that direct removal of the vomeronasal organ in male mice 
has very similar effects to those seen in the present experi- 
ment using vomeronasal tract transection. These inves- 
tigators have additionally demonstrated that vomeronasal 
ablations lead to marked reductions in male mouse ultrasonic 
vocalizations when the males are presented with female 
mouse excretory products alone. These demonstrations 
further support the proposal that male mice perceive sex 
chemosignals with the vomeronasal organ. 


: 


SMELL RATIO 


\ 


FIG. 4. Mean (+SEM) activity scores and smell ratios for each 
group. The olfactory discrimination data (bottom of panel) are also 
presented as the mean (+SEM) with the smell ratio calculated as the 
total time in the cookie tunnel/total time in the cigar tunnel. Group 
designations are as in Fig. 3. 
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Inspection of the present ultrasound data, however, re- 
veals minor differences between the present data and previ- 
ously reported results. Questions as to why so few animals 
vocalized during the first test session (54%), and why the 
responding animals suppressed their responding to the male 
on the second test, may be answered in a variety of ways. 
First, because of the design of the testing apparatus, the 
stimulus and experimental animals were prohibited from 
making extensive direct contact. Physical contact, or very 
close physical proximity has been proposed as a necessary 
condition for receiving these olfactory cues [9,28]. 

Therefore, the slight restriction of access to these odor 
cues in the present study may have caused the suppression 
of responding. An alternate explanation is that the experi- 
mental animals were isolated prior to testing and had not 
been allowed sexual experience nor had they received recent 
social contact with other males. This lack of social experi- 
ence may have also resulted in a suppression of ultrasound- 
ing. Other investigators have noticed similar suppressions in 
ultrasounding in animals deprived of social experience with 
other males or females [5]. 

The results of the olfactory discrimination test further 
support the above conclusion that the vomeronasal system 
functions independently of the main olfactory system. The 
animals in the VN cut Group were apparently not impaired in 
their general olfactory discriminatory abilities. These 
animals consistently chose the tunnel that was cookie-baited 
rather than the cigar-baited tunnel. This preference of the 
VN Group was comparable to that shown by the animals in 
the Sham and the VX Groups, while none of the animals in 
the other groups (OB, Z, and VNZ) exhibited a preference 
for one or the other side. Thus, the VN Group animals were 
able to make an olfactory discrimination under the condi- 
tions of the present experiment in the same way as Sham or 
unlesioned animals. On the other hand, when the relevant 
olfactory information is of an apparent sex signalling nature, 
any treatment which disrupts the accessory olfactory system 
very markedly reduces the expression of relevant behavior. 
It is concluded that the detection of sex chemosensory cues 
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requires the integrity of the accessory olfactory system, 
while the detection of non-sex related odors, such as a 
cookie or a cigar is dependent on the main olfactory system. 

The locomotor activity findings demonstrate that the sup- 
pression in responding by the OB, VN, and VNZ Groups 
was independent of debilitation or lethargy that may have 
been induced by the surgical interventions. These groups 
were found to be at least as active as any of the other groups 
of animals. The marked increase seen in the locomotor ac- 
tivity of the bulbectomized animals was not unexpected and 
may implicate the bulbs in the mediation of behaviors not 
directly related to olfaction [1,7]. 

Although these data appear to be very robust and clear- 
cut, there is one potential shortcoming. It is possible that the 
vomeronasal tract transections may have indirectly reduced 
testosterone levels which in turn could have reduced the 
males’ motivation to vocalize. This possibility could arise 
because ultrasound production is androgen dependent [4], 
and a central projection area of the accessory system is the 
region of the hypothalamus that is important for neuroen- 
docrine regulation [19]. Although no measures of testos- 
terone levels were obtained in the present study, previous 
reports have shown that olfactory bulbectomy in male mice 
does not reduce testes or accessory gland epithelium weights 
although the accessory glands of bulbectomized animals do 
contain less fluid [25]. Therefore, because total bulbectomy 


eliminated both the main and accessory olfactory systems 
but does not appear to induce gonadal atrophy, it seems 
unlikely that vomeronasal tract transection alone would be 
effective in this respect. However, it is not possible to com- 
pletely rule out this possibility with the presently available 
data. 

In summary, it appears that disruption of the accessory 
olfactory system leads to a reduction in the expression of a 
sex chemosignal elicited behavior independent of the main 
olfactory system. In this way, courtship ultrasounds in mice 
are reduced or eliminated by manipulations that interfere 
with the accessory olfactory system while this behavior is 
not affected by independent manipulations of the main sys- 
tem. Further experimentation will elucidate whether these 
relationships will remain constant for other behaviors. 
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non. All tail pinch behaviors were obliterated by the dopamine antagonist haloperidol; and the opiate antagonist, nal- 
trexone, decreased eating without altering chewing. The combination of dopamine blockade and tail pinch induced jumping 
behavior in mice. Diabetic mice showed increased tail flick latencies to radiant heat and to the induction of tail pinch 


behaviors, displaying these behaviors less commonly than their homozygote and heterozygote littermate controls. 


Stress-induced eating Dopamine Appetite 


Diabetic mouse 


STRESS is well recognized as being capable of precipitating 
eating in a variety of animals (reviewed in [2]). Several mod- 
els have been used to study stress induced eating in labora- 
tory animals. Non-specific stresses which induce eating in- 
clude acoustic stiumli [7], handling [7], social isolation [22], 

26] and electrical stimulation of the 
brain [3,27]. A very well characterized model of stress in- 
duced eating is mild tail pinch in rats [2, 3, 4, 17, 18, 19]. Mild 
(non-painful) tail pinch has been shown by Antelman and his 
colleagues to induce feeding, gnawing and licking in rats 
[2,4]. This model has been shown to be dopamine dependent 
[4] and to involve activation of an endogenous opiate system 
[13,15]. Although most studies have concentrated on the 
feeding related behaviors following tail pinch, some studies 
have shown that tail pinch behavior is dependent on the goal 
objects available in the environment. Thus chewing behavior 
predominates if wood chips replace the food [10] and tail 
pinch has been demonstrated to induce copulation in the 
presence of receptive females [2] and to potentiate maternal 
behavior in the presence of pups [25]. Also tail pinch has 
been reported to induce sand digging in rats [28]. It has been 
suggested that tail pinch represents an eliciting stimulus, 
which simply activates the organism. This activation 
enhances its responsiveness to external, food-related stim- 
uli, which direct behavior towards eating [9]. 

The studies reported here document the induction of con- 
summatory behaviors in mice by tail pinch, showing that 
these behaviors are not species specific. On-going studies in 
our laboratory had demonstrated different analgesic 
thresholds in diabetic mice compared to their non-diabetic 
littermate controls. As we have previously demonstrated 
that a local anesthetic ring block at the base of the rat’s tail 
abolishes tail pinch behaviors [10] suggesting dependence on 


Analgesia 


Diabetes Opiates Naltrexone 


nociception for tail-pinch behavior, we felt it would be il- 
luminating to study tail pinch behavior in a group of mice 
with different analgesic thresholds, viz. diabetic mice. 


METHOD 


For the studies described here we used 54 diabetic mice 
(db/db) (24 males and 30 females) of the C57BL/ks(db/db) 
strain and their heterozygote (db/m) (20 males and 25 
females) and homozygote (m/m) (19 males and 18 females) 
controls. All animals were housed in a light controlled room 
(lights on 0700-1800 hr) with free access to Purina chow and 
water ad lib. All experiments were carried out between 
1300-1700 hr. 

Animals were between two to three months of age at the 
time of testing. Blood for glucose levels was obtained by 
retro-orbital puncture and glucose was measured using a glu- 
cose analyzer (Beckman: Fullerton, CA). We also docu- 
mented the daily food intake over a 14 day period. We used 
the tail pinch method as originally described by Antelman 
[2,4] for rats and modified by us [17]. Tail pinch was induced 
with a plastic hemostat (MacBick Co., Murray Hill, NJ) 
which gives greater control of the range of pressures that can 
be exerted compared to a surgical hemostat. Behavioral test- 
ing was carried out in a 22x 17 cm plastic box, unfamiliar to 
the animal, containing a single pellet of Purina chow (3-6 g). 
In all animals in whom tail pinch behavior could be induced, 
induction occurred before the onset of pain as indicated by 
squealing. Food ingestion was quantitated by carefully 
weighing the pellet and spillage before and after the experi- 
mental period. The tail pinch was continued for 120 seconds 
after the induction of tail pinch behavior. 

Analgesia was quantitated by using the tail flick method 
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TABLE | 
BASAL DATA ON THE DIABETIC MICE AND THEIR LITTERMATE CONTROLS 








Weight (g) 
Glucose (mg/dl) 
Daily food intake (g) 





*p<0.01 vs Db/m and m/m. 
*p<0.01 vs m/m. 
tp<0.001 vs Db/m and m/m. 


[6]. The latency of the tail-flick response to radiant heat of a 
light source focused at the middle of the tail was measured 
using a photoelectric cell and a mechanical timing device. 
Animals were tested 3 times at 10 second intervals; results 
were calculated based on both the latency to first exposure 
and the mean latency of the three exposures. To examine the 
relationship between the endogenous opiates and analgesia 
in these animals, one hour after the first test half of the 
animals received the opiate antagonist, naloxone (2.5 mg/kg) 
subcutaneously and a single tail flick trial was carried out 20 
minutes later. 

As the tail pinch model is considered to involve dopamine 
[4] and enkephalinergic activation in the rat [13,15] we also 
studied the effect of the dopamine antagonist, haloperidol (2 
mg/kg) and the opiate antagonist, naltrexone (20 mg/kg) in 
db/db mice and m/m mice (control for haloperidol) or db/m 
mice (control for naltrexone). (No differences in feeding be- 
havior during tail pinch were observed between the db/m and 
m/m groups: see Results). Ten minutes after subcutaneous 
administration of 3 doses of haloperidol (n= 10/dose), 3 doses 
of naltrexone (n=10/dose) or saline (n=34 db/db; n=32 db/m 
and m/m) a 2 minute tail pinch trial was conducted. 

All results are expressed as the mean+S.E.M. Results 
were analysed using analysis of variance and Student f-tests 
where appropriate. 


RESULTS 
Basal Data 


As was expected the Db/db mice weighed significantly 
more than the control groups and had significantly higher 
glucose levels. Db/db mice ate more food on a daily basis 
than the m/m controls. 


Tail Pinch Behaviors 


As can be seen in Table 2, there was no difference in the 
tail pinch behaviors observed in the m/m and db/m mice. 
Db/db mice had a significantly longer latency to the induc- 
tion of tail pinch behavior than did the control animals. In 
addition, fewer db/db animals demonstrated chewing behav- 
ior than did control mice (65% vs 94% in m/m). Although 
db/db animals tended to eat more than the controls, the in- 
creased amount they ate was in proportion to their greater 
body weight. None of the mice displayed licking behavior 
during tail pinch. Catoplexy was induced in 4/34 of the db/db’s 
1/25 of the db/m’s and in none of the m/m’s. Catoplexy rep- 
resents a period lasting from 10 seconds to 2 minutes in 
which mice appear immobile and rigid, showing no consum- 
matory behavior (although removal of tail pinch pressure or 


TABLE 2 


TAIL PINCH BEHAVIORS EXHIBITED BY DIABETIC MICE AND 
THEIR LITTERMATE CONTROLS 





Db/m Db/db 





n 17 25 34 
26(76%) 


Tail pinch behavior 16(94%) 21(86%) 
induced 

Chewing 

Eating 

Catoplexy 

Latency (sec) 

Food ingested (mg/kg)? 


16(94%) 20( 80%) 22(65%) 
953%) 10(40%) 13(38%) 
0(0%) 1(4%) 4(12%) 
19+ § 26+ 8 43+ 6° 


sro 2S] 508 + 50 669 + 69 





*p<0.05 from m/m. 
*Includes only those who ate. 


other disruptive actions will terminate the period of cato- 
plexy). 


Effect of Haloperidol and Naltrexone on Tail Pinch Behavior 


Haloperidol abolished all tail pinch behaviors in the con- 
trol mice at the 2 and | mg/kg dose and decreased tail pinch 
behavior in the db/db’s at the 2 and | mg/kg dose (see Table 
3). Naltrexone (20 and 10 mg/kg) did not significantly alter 
chewing but markedly reduced eating in the controls and the 
db/db animals. Of particular interest was the fact that tail 
pinch induced jumping behavior in controls (5/10) and 
db/db’s (4/10) after the administration of haloperidol. Similar 
jumping behavior was also observed in 4/10 of the db/db’s 
receiving naltrexone but was not present in control animals 
receiving naltrexone. None of the animals who had not re- 
ceived a drug pre-treatment exhibited jumping behavor. The 
jumping behavior consisted of extremely abrupt leaps (3-7 
cm) into the air from a stationary position. It was distinctly 
different from escape behavior in that during escape, mice do 
not suddenly jump into the air, but instead tend to pull or 
climb out of the testing arena. 


Tail Flick Analgesia 


Db/db animals had a significantly prolonged tail flick la- 
tency compared to the m/m controls (p<0.05, Table 4). The 
m/m and the db/m mice showed the expected decrease in tail 
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TABLE 3 


EFFECT OF NALTREXONE AND HALOPERIDOL ON EATING AND CHEWING BEHAVIOR IN 
db/db MICE AND THEIR CONTROLS 





Diabetic Mice 
Chewing (%) 


Eating (%) 


Control Mice 
Eating (%) Chewing (%) 





Saline 41 
Haloperidol 2 mg/kg 
1 mg/kg 
0.1 mg/kg 
Naloxone 20 mg/kg 
10 mg/kg 
1 mg/kg 


76 81 





TABLE 4 
TAIL FLICK ANALGESIA 





Time to Tail Flick (sec) 
First Exposure Mean of 3 Exposures 





2.95 + 0.29 
3.33 + 6.53 
0.477 


4.07 + 0.33 
4.14 + 0.53 
5.49 + 0.46" 5.38 + 


m/m 
db/m 
Db/db 





*p<0.05 vs m/m. 
*+p<0.001 vs m/m and p<0.01 vs Db/m. 


flick latency following three exposures ten seconds apart, 
while the db/db mice had no decrease in latency over the 
three trials. Following naloxone both the m/m’s and the 
db/db’s had a decrease in tail flick latency when compared to 
pre-naloxone treatment (Fig. 1). 


DISCUSSION 


Mild tail pinch in sated mice induces stimulus-bound eat- 
ing. The behaviors induced by mild tail pinch in mice 
demonstrate similarities and limited differences from those 
observed in rats. Tail pinch behavior is induced in similar 
percentages of rats (95—100%) [2,11] as in control mice (86- 
94%). Likewise, a similar percentage of both species display 
either chewing or eating behavior (rats 92% vs mice 80-94%) 
[11]. However, licking was not induced in mice whereas it 
occurs in 5-8% of rats tested [11]. 

Mild tail pinch involves the activation of the dopaminer- 
gic systems in the nigrostriatal tracts passing through the 
lateral hypothalamus [4]. The ingestive behavior induced 
during tail pinch has also been shown to involve an endoge- 
nous opioid system [13,15]. Using a different tail pinch 
paradigm than either of the latter studies, it has been re- 
ported that naloxone dose not suppress tail-pinch induced 
eating [20]. Our studies clearly show that in mice activation 
of chewing is blocked by prior administration of the 
dopamine antagonist, haloperidol. The opiate antagonist, 
naltrexone, on the other hand had no effect on chewing in- 
duced by tail pinch but markedly reduced ingestive behavior. 
Of particular interest was the observation that a number of 
animals who had received haloperidol demonstrated jumping 
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FIG. 1. Effect of naloxone (2.5 mg/kg) on tail flick latency in Db/db 
mice and their homozygote controls (m/m) (control vs naloxone in 
m/m and Db/db, p<0.05). 


behavior but only during tail pinch periods. Similar jumping 
behavior has been reported following the administration of 
narcotic antagonists to mice or rats made physically depend- 
ent on morphine [5,29]. A number of lines of evidence 
suggest that this specific-type of jumping behavior is 
mediated by inhibition of striatal dopaminergic neuron ac- 
tivity [30]. For example, administration of haloperidol 
further increased jumping behavior in a-naphthoxyacetic 
acid-induced jumping in mice [30]. 

We have previously shown that tail pinch behavior in the 
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rat can be obliterated by prior ring block anesthetic around 
the base of the tail [10]. Thus, when we found that diabetic 
mice were analgesic compared to their littermate controls, 
we were interested in evaluating their response to mild tail 
pinch. As could be expected if pain plays a role in elicitation 
of the tail pinch behaviors, the diabetic mice had a prolonged 
latency to the induction of tail pinch behavior and tail pinch 
behaviors were induced less commonly in them. A number 
of lines of evidence in the rat have suggested that although 
mild tail pinch can be induced without the production of 
vocalization or other obvious distress in the animals, the tail 
pinch behaviors do represent a response to a painful 
stimulus. As mentioned, xylocaine ring block obliterates tail 
pinch behavior indicating that tail pinch is dependent on 
neuronal stimulation, and not due to other effects such as 
change in the rate of blood flow to the tail region. Blockade 
of the endogenous opiates, which are known to be involved 
in nociception, suppresses tail pinch eating [13,15]. Our 
studies have shown that substance P inhibits tail-pinch eating 
possibly by altering the normal modulation of pain transmis- 
sion in the dorsal horn of the spinal cord [16]. Based on these 
previous findings and the results reported here, transmission 
of pain appears to be an integral part of the induction of tail 
pinch behavior. 

The reason for the analgesia demonstrated in the db/db 
animals is uncertain. Neuropathy is well recognized to occur 
in a number of species after prolonged exposure to 
hyperglycemia [8]. Electrophysiological studies have shown 
impaired motor nerve conduction velocity in Db/db mice 
during the early phases of the diabetic syndrome whereas 
morphometric changes occur only after twenty weeks of 
diabetes in both myelinated and unmyelinated fibers [21]. 
The failure of the tail flick latency to decrease after 3 expo- 


sures spaced ten seconds apart in the db/db mice may be due 
to impaired motor nerve conduction velocities. It could also 
indicate a defect in adaptation to repetitive stimulation. We 
have recently shown that diabetic animals (db/db and strep- 
tozotocin diabetic) mice display supersensitivity to the sati- 
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ety effect of naloxone [12]. The failure for tail flick latency to 
decrease during repeated exposure in diabetic mice may be 
related to either an alteration in nociception or a learning 
deficit secondary to abnormalities in the endogenous opiates 
and/or their receptors in these animals. 

We have previously shown that catoplexy occasionally 
occurs in tail-pinched rats when they are presented with un- 
familiar foods (unpublished observation). In the present 
study more of the db/db mice displayed catoplexy than was 
observed in the control animals. Intraventricular adminis- 
tration of B-endorphin and other endogenous opiates 
produces catoplexy in rats [14]. In addition, it has been re- 
cently reported that repeated exposure of brief pinches at the 
scruff of the neck in mice results in catoplexy which is 
blocked when the mice are pretreated with naloxone [1]. 
Again we would suggest that the catoplexy observed in the 
diabetic mice may be related to abnormalities in the endoge- 
nous opiates in these animals. 

In conclusion, we have demonstrated that tail pinch be- 
haviors are easily induced in mice. The major behavior ap- 
pears to be related to chewing rather than ingestion of food. 
Pharmacological manipulations suggest that, as in the rat, 
tail pinch behavior in mice is related to dopaminergic and 
enkephalinergic mechanisms. The relative resistance of the 
diabetic mice to induction of tail pinch behavior suggests a 
major role for nociception in tail pinch behavior, although it 
is possible that other differences such as alterations in opiate 
receptors or in dopamine metabolism may also play a role. 
Further studies to define the interrelationships of tail pinch 
behavior to the dopamine and enkephalin system in these 
animals are warranted. 
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KOVACS, G. L., R. M. BUIJS, B. BOHUS AND Tj. B. van WIMERSMA GREIDANUS. Microinjection of arginine* 
vasopressin antiserum into the dorsal hippocampus attenuates passive avoidance behavior in rats. PHYSIOL. BEHAV 
28(1) 45-48, 1982.—Antiserum to arginine*-vasopressin was microinjected bilaterally into the dentate gyrus of the dorsal 
hippocampus and the effect on passive avoidance behavior was studied. After the single learning trial of a passive 
avoidance response, immediate bilateral injection of | yl antiserum (diluted to '/so) attenuated passive avoidance respond 
ing 24 hr later. In immunocytochemical control studies with injection of undiluted antiserum into the dentate gyrus a 
spreading was observed towards the ventral hippocampus and the dorsal septum. Additionally, administration into the 
lateral ventricle of 2 ul of '/so dilution of the antiserum did not affect the behavior. For an attenuation of passive avoidance 
behavior via intraventricular injection, 2 ul of a '/:10 dilution of anti-AVP was required. These data suggest that endogenous 


vasopressin in the septo-hippocampal system might be involved in memory processes 


Antivasopressin serum Passive avoidance 


VASOPRESSIN facilitates learning and memory processes 
in men and laboratory animals. Rats treated with arginine*- 
or lysine*-vasopressin (AVP or LVP) exhibit a delay in the 
extinction of an active avoidance response and an improve- 
ment of passive avoidance behavior [3, 9, 11, 19]. Legros er 
al. [16] and Oliveros et al. [18] were the first who described 
that treatment of human patients with vasopressin improved 
the performance of certain memory tasks and substantially 
alleviated clinical symptoms of amnesia. Rats with a genetic 
failure to synthetize vasopressin [4,10] as well as normal rats 
after neutralization of centrally available vasopressin by in- 
traventricular injections of antiserum to AVP (anti-AVP) 
exhibited a severe memory deficit [24,25]. These observa- 
tions led to the conclusion that endogenous vasopressin is 
physiologically involved in learning and memory processes. 
Electrolytic lesions of the dorsal hippocampus, dorsal septal 
area or midline thalamic nuclei prevent the effect of systemi- 
cally administered vasopressin on active avoidance extinc- 
tion [21, 22, 23]. In addition, microinjections of minute 
amount of AVP into the dentate gyrus, dorsal septum or the 
dorsal raphe nucleus facilitates memory consolidation as 


Septo-hippocampal system 


measured by improved passive avoidance behavior | 13,15]. 
These data suggest the involvement of limbic-midbrain struc- 
tures in the mediation of vasopressin effect on memory proc- 
esses. Recently it was demonstrated [5, 6, 7, 20] that vasop- 
ressin containing fibers innervate the majority of the above 
described limbic and forebrain structures, including the ven- 
tral hippocampus. Although the functional role of these fi- 
bers is poorly understood, they might represent an 
anatomical basis of the described effects on avoidance be- 
havior. 

In the present study the effect of anti-AVP serum has 
been studied on passive avoidance behavior following local 
administration into the dorsal hippocampus, in order to ob- 
tain knowledge on the role of endogenously available ar- 
ginine vasopressin. All treatments were given immediately 
after the single learning trial. Since both vasopressin [8,11], 
as well as anti-A VP serum [24,25] have been demonstrated to 
influence memory consolidation processes if given im- 
mediately after the learning trial, this treatment schedule 
permits to conclude for the influence of locally injected 
anti-AVP serum on consolidation processes. 
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METHOD 


Experimental Animals 


Male rats of an inbred Wistar strain (Cpb TNO-Zeist, The 
Netherlands), weighing 160-180 g, were maintained on con- 
trolled illumination schedule (lights on between 5.00 and 
19.00 hr). Food and water were available ad lib. Rats were 
kept 5 per cage. 


Surgical Procedures 


The animals were anaesthetized by fluanizon/fentanyl 
(Hypnorm,” 0.06 ml/100 g) and subsequently subjected to 
either intraventricular or intracerebral cannulation. 

Intraventricular cannulation. A polyethylene cannula 
was inserted into the right lateral ventricle under visual con- 
trol and cemented to the skull with dental acrylate (for de- 
tails see [8]). The animals were used for behavioral experi- 
mentation 4 days after the operation. The localization of the 
cannula tip was determined at the end of the experiment by 
intraventricular injection of methylene blue. 

Intracerebral cannulation. Stainless steel cannulae were 
bilaterally implanted into the hippocampal dentate gyri, ac- 
cording to the stereotaxic technique described earlier [14]. 
Stereotaxic coordinates were: A: 5.0 L: 1.2 D: 7.2 (according 
to Albe-Fessard et a/. [2]), with 0° horizontal position of the 
head. The behavioral experiments were initiated 10 days 
after surgery. Localization of the cannula tip was histologi- 
cally determined at the end of the experiment. 


Passive Avoidance Behavior 


Passive avoidance behavior was studied in a one-trial 
learning, step-through passive avoidance situation [1], which 
utilizes the natural preference of rats for dark environment. 
The apparatus consists of a dark compartment with a grid 
floor and an illuminated elevated platform attached to its 
front center. On day | the animals were habituated to the 
dark compartment for 2 min. Immediately after the habitua- 
tion trial the rats were placed on the platform and allowed to 
enter the dark compartment. Three more approach trials 
were given on the following day with an intertrial interval of 
at least 10 min. Rats which scored a composite latency of 31 
sec or longer, were discarded from further experiments (4 
animals out of 42 were discarded). At the end of the third 
trial, unavoidable scrambled footshock (0.50 mA A.C. for 2 
sec) was delivered through the grid floor of the dark com- 
partment (learning trial). The rats were removed from the 
dark compartment 10 sec after termination of the shock. In 
the experimental procedure the rats were injected with 
antiserum immediately afterwards. Passive avoidance be- 
havior was tested 24 hr after the learning trial by placing the 
animals on the platform and measuring the latency to reenter 
the dark compartment. A maximal observation time of 300 
sec was used. Median avoidance latencies of the various 
treatment groups were calculated. 


Histological Control Experiments 


Localization of the cannulae. After decapitation the 
brains were collected, frozen on dry ice and cut into 300 um 
thick slices. Localizations were determined microscopically. 
Data with improper cannula placements were discarded (4 
additional animals). 

Immunocytochemical localization of the injected 
antiserum in the brain. In 6 animals the spreading of the 


KOVACS ET AL. 


INTRAVENTRICULAR ADMINISTRATION 


* 
ou 
Lee 


NRS anti-AVP anti - AVP 
1/10 1/50 v0 


INTRA HIPPOCAMPAL ADMINISTRATION 





AVOIDANCE LATENCY 


* 
. 
3388! 
3 [7 
aa 

NRS anti - AVP 

1/50 1/50 
FIG. 1. Effect of intraventricular or intrahippocampal administra- 
tion of different dilutions ('/10,'/so) of anti-A VP on passive avoidance 
latencies. 


antiserum was determined. Two animals were killed without 
any further treatment immediately after completion of the 
behavioral experiments. Two animals received a second in- 
jection of the antiserum in a dilution of '/so and were killed | 
hr later (second injection was given immediately after com- 
pletion of the behavioral study). These 4 animals, however, 
could not be evaluated, since the intracerebral concentration 
of the antiserum was below the detection limit of the im- 
munocytochemical tracing method. Therefore, two animals 
received undiluted antiserum as a second injection (1 ul un- 
ilaterally) and were killed 1 hr later by decapitation. His- 
tological data are presented from these two animals. The 
brains were quickly removed and frozen in liquid nitrogen. 
Kryostate sections (25 4m) were collected on glass slides 
and fixed for | min in acetone. The antiserum was detected 
by sequential incubation with (a) anti-rabbit IgG (Fc frag- 
ment) serum 1;40 (Nordic) for | hr; (b) washing in phosphate 
buffered saline (PBS); (c) peroxidase-antiperoxidase 1:200 in 
PBS for 1 hr; (d) PBS wash; (e) 0.5 mg/ml 3- 
3-diaminobenzidine (Sigma) 0.01% H,O, (Merck) in 0.05 M 
Tris-saline pH 7.6 for 15 min; (f) PBS wash; (g) dehydration 
and embedding in malinol. 


Treatment with Antiserum or Control Serum 


Using antibody dilution curves and Scatchard plots, the 
binding capacity of anti-AVP was estimated as approx- 
imately 250 pg/ul anti-AVP '/10. 

Two pl of the diluted ('/10 and '/so) antiserum was injected 
into the ventricle, while 1 yl of a '/so dilution was bilaterally 
injected into the dorsal hippocampus. As control treatment 
normal rabbit serum was used in an equal dilution. For dilu- 
tion of antiserum or control serum artificial cerebrospinal 
fluid was used. All injections were performed immediately 
after the single learning trial, except for those used for im- 
munocytochemical control. 
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FIGS. 2-3. Transversal sections of Wistar rat brain injected unilaterally into the dorsal hippocampus with | ul 
antivasopressin serum (15xBar=1 mm). (LV=Lateral Ventricle). Figure 2 demonstrates the spreading of the 
antiserum around the cannula tip in the dorsal hippocampus (Hi). Figure 3 demonstrates the localization of the 


antiserum in a gradient diminishing from the ependymal surface into the lateral septum (S 


Statistical Analysis 


The data were analysed using Mann-Whitney’s non- 
parametric ranking test (two-tailed). A probability level of 5 
percent was accepted as a significant difference. 


RESULTS 

The behavioral data are summarized in Fig. 1. Injection of 
anti-AVP immediately after the learning trial affects passive 
avoidance behavior as tested during a retention session 24 hr 
later. Following intraventricular injection of the antiserum, 2 
pl of the '/so dilution did not change passive avoidance re- 
tention, whereas a similar volume of a '/io dilution at- 
tenuated passive avoidance behavior significantly (p<0.05 
vs normal rabbit serum). When the antiserum was bilaterally 
injected into the hippocampal dentate gyrus directly, | ul of 
the '/so dilution significantly (p><0.01) attenuated passive 
avoidance latency (Fig. 1). The results of the localization of 
the antiserum are depicted in Figs. 2 and 3. The antiserum 
could be revealed in the following regions: in the dorsal hip- 
pocampus in an area of approximately | mm around the can- 
nula tract (Fig. 2). From there the antiserum seems to spread 
rostrally towards the dorsolateral septum (Fig. 3) and 
caudo-ventrally along the ependyma of the hippocampus. In 
the lateral septum and in the ventral hippocampus the 
antiserum could be detected in a region of +0.5 mm from the 
ependymal surface. 


septum) 


DISCUSSION 


Injection of small amounts of anti-AVP serum into the 
dorsal hippocampus (dentate region) immediately after the 
single learning trial resulted in a marked impairment of the 
behavioral performance, as measured by the retention of a 
single learning trial passive avoidance response in rats. Since 
it has been shown earlier that intraventricular administration 
of higher amounts of anti-AVP serum impair memory con- 
solidation processes when administered only shortly after 
the learning trial [25], it is likely that hippocampal adminis- 
tration of the anti-AVP serum interfered with memory con 
solidation as well. An alternative explanation would be that 
the locally injected antiserum affected retrieval processes in 
a proactive manner. This latter possibility, however, does 
not seem to be the case with intraventricular anti-AVP 
treatment [24]. Intrahippocampal anti-AVP treatment re- 
sulted in a behavioral effect which is exactly the opposite of 
the one observed after injection of AVP into this area, under 
the same experimental conditions [14]. Interestingly, injec 
tion of the same amount of anti-AVP into the cerebral ven- 
tricles did not effect passive avoidance retention, indicating 
that the effects of the hippocampal application of anti-AVP 
cannot be explained by leakage to the brain ventricular sys- 
tem. In consequence, it might be speculated that attenuation 
of passive avoidance behavior was the result of neutraliza- 
tion of AVP in the brain after injection of anti-AVP, rather 
than a neutralization of this peptide in the cerebrospinal fluid 
(CSP). 





Although the immunolocalization of the antiserum points 
to a leakage via the CSF and a subsequent uptake in the 
lateral septum and ventral hippocampus, a transport via the 
intercellular spaces cannot be excluded either. In this re- 
spect it is of interest to note that fibers of the extrahypotha- 
lamic vasopressinergic network possibly terminate in the 
ventral hippocampus [5], while synaptic terminations have 
been demonstrated on neurons and dendrites in the lateral 
septum [6]. On the basis of these neuroanatomical and func- 
tional data two explanations of our results are equally possi- 
ble. As no putative fiber terminations of the vasopressinergic 
neuronal network were observed in the dorsal hippocampus, 
the injected antiserum might have been transported either 
via the perivascular spaces or the CSF to the ventral hip- 
pocampus and the lateral septum. Since, however, ventricu- 
lar injection of anti-AVP ('/so) did not influence passive 
avoidance behavior it is more likely that the local, in situ 
neutralization of AVP by the antiserum within the dorsal 
hippocampus was the most important factor to attenuate 
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passive avoidance. Further evidence is required to resolve 
this problem. 

Despite the important role of the hippocampus in forma- 
tion of memory [12,17] one cannot conclude that this struc- 
ture would be the only brain site where endogenous vasop- 
ressin could have an influence on memory processes. Ac- 
cordingly, it has been found that microinjection of anti-A VP 
into the midbrain dorsal raphe nucleus immediately after the 
learning trial also attenuated passive avoidance behavior 
[15]. 

It seems therefore likely, that subtle changes in endoge- 
nous vasopressin in the limbic-midbrain circuits will affect 
memory formation. This conclusion is also supported by le- 
sion studies and by microinjection of vasopressin into var- 
ious limbic-midbrain structures [13, 14, 15, 22, 23]. 
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BRENTEGANI, L. G. AND M. C. LICO. Dental pain and injection of agents into the trigeminal nucleus of guinea pigs 
PHYSIOL. BEHAV. 28(1) 49-52, 1982.—The effects of microinjections of carbachol (Carb), serotonin (S-HT) and 
noradrenaline (NOR) into the spinal trigeminal nucleus (STN) of guinea pigs were studied in superficially anesthetized 
animals (nembutal, 40 mg/kg) submitted to noxious dental stimulation (electric shock). The defense motor response (DMR) 
was studied during noxious stimulation through the control period and up to 60 minutes after chemical stimulation. The 
agents were microinjected into four sites in the bulbar-spinal projection of the STN. Carb (1 ug/l) caused significantly 
decreased DMR when injected into all regions studied, with total DMR abolition into the site located 1.0 mm caudal to the 
obex. 5-HT (30 wg/ul) and NOR (30 pg/yl) elicited a less intense effect than Carb, causing significant reduction in DMR 
only when injected into two sites. These results suggest cholinergic, serotonergic and adrenergic involvement of the 


mechanism of aversive response to dental pain. 


NOR 5-HT 


Trigeminal nucleus Carbachol 


SEVERAL investigators [5,19] have suggested the STN to be a 
relay in the cerebral transmission of cephalic nociceptive 
information. However, STN neurons are unlikely to be ex- 
clusively involved in pain, since most of them also respond 
to tactile stimulation. The relationship between STN neuro- 
transmitters and the physiology and pharmacology of dental 
pain has not been well documented. Enkephalin and mor- 
phine depress the activity of cells in the caudal trigeminal 
nucleus previously stimulated with substance P [1]. Mi- 
croiontophoretically applied morphine to the interneuronal 
region of the spinal dorsal horn of cats caused animals to 
respond to noxious and innocuous cutaneous stimuli, thus 
demonstrating that morphine blocks both excitatory and in- 
hibitory effects, suggesting blockage of nonspecific afferents 
[6]. Other investigators [4, 3, 10, 11], after applying different 
drugs or neurotransmitters by microiontophoresis to 
neuronal units of the brain stem, obtained different altera- 
tions in the same neuron or in different neurons. Thus, they 
were unable to clarify how local release or administration of 
known neurotransmitters would behave in the presence of 
noxious stimulation. 

Previous studies carried out in this laboratory have dealt 
with the modulation of responses to a noxious stimulus. We 
demonstrated the involvement of the area postrema in 
nociceptive modulation through noradrenergic mediation in 
conscious guinea pigs [17]; the presence of a limbic circuit in 


Pain 


guinea pigs, which was able to modify the response to a 
Stimulus applied to dental pulp [12]; and the release of a 
humoral factor upon stimulation of a sensitive nerve in the 
rat, which was able to reduce the evoked cortical potential 
obtained by a noxious stimulus applied to dental pulp [9]. 
Studies from our laboratory also demonstrated that chemical 
activation or inhibition of the caudate, medial forebrain 
bundle (MFB) and septum modulate the response to noxious 
peripheral shocks in conscious rats [13]. 

The objective of this research was to study the possible 
nociceptive modulation produced by microinjection of car- 
bachol (Carb), 5-HT or NOR into the STN of superficially 
anesthetized guinea pigs submitted to dental electric stimu- 
lation applied under control conditions and after chemical 
stimulation of the STN with each of the three agents. Even- 
tual spontaneous body movements (SBM) provoked by 
stereotaxic fixation were recorded during the intervals with- 
out dental stimulation; as well as the defensive motor re- 
sponse (DMR) during stimulation. 


METHOD 


Ninety-six guinea pigs weighing 400-500 g were used in 
the present study. After nembutal anesthesia (40 mg/kg), two 
perforations were made in the distal surface of the upper 
incisives close to the free edge of the gingiva for implantation 
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FIG. |. Effect of Carb (1 «g/ul) applied to the STN. The ordinate 
gives the mean amplitude of the DMR in mm, and the abscissa, the 
intervals during which the response was tested by applying a dental 
stimulus after microinjection of the drug (|). C=control value. 
*=statistically significant values for p=0.05. The vertical bars indi- 
cate the SEM. AP=anteroposterior. LAT=lateral. H=horizontal. 


of the electrode used for noxious stimulation. The animals 
were restrained in a stereotaxic apparatus (Kopf), and the 
dorsal bulbar region was surgically exposed. Body move- 
ments (DMR and SBM) were recorded by means of a me- 
chanical transmission system attached to the thorax and 
connected with a tension transducer (Nihon-Kohden 
Force-Displacement Transducer, model SB-IT), which in 
turn was connected to a Strain-Gauge Preamplifier RP-5 in 
one polygraph channel (Nihon-Kohden, model RM-85). Two 
other polygraph channels were used to record time and 
events (dental stimuli). Each experiment lasted 30 to 60 
minutes after microinjection. Depending on the duration of 
the response, the basal values of DMR amplitude were re- 
corded under control conditions and after injection of one of 
the drugs into the STN. The differences in amplitude of the 
highest DMR peaks, measured in mm, (means of three 
periods of noxious stimulation applied +5 minute intervals 
before chemical stimulation of the STN) were then calcu- 
lated. The drugs were injected with a Hamilton microsyringe 
coupled to the electrode holder in the stereotaxic apparatus. 
The microinjection was controlled with a Zeiss binocular 
magnifying lens, model OP Mi 1. The obex was used as the 
stereotaxic reference point and the four following regions 
were studied for each chemical: anterior posterior AP: 2 mm 
rostral to the obex; AP: at the level of the obex; AP: 1 mm 
caudal, and AP: 3 mm caudal. The lateral site to the middle 
line of the obex was always 2.5 mm. The following drugs 
were used for each experimental groups: carbachol (car- 
bamyl-choline chloride, Sigma), 1 ug/l in a 0.2 wl volume; 


BRENTEGANI AND LICO 


Imin. 


nnn 


w 


¥ TVW ae 


os 
5s 


FIG. 2. Recording of the DMR of one guinea pig (G39) during the 1, 
5, 10, 20, 30, 40 and 60-minute time intervals in which it was submit- 
ted to noxious stimulation of the dental pulp (10 V, 5 msec and 5/sec) 
for 5 sec, indicated by the horizontal bar (—) C=control. The arrow 
indicates the beginning of chemical stimulation of the STN with 
Carb. 


serotonin creatinine sulfate (Sigma R Chemical Company), 
30 pg/ul, in a 0.4 wl volume, and noradrenaline (D-L- 
arterenol hydrochloride, Mann Research Laboratories, 
Inc.), 30 wg/ul in a 0.4 ul volume, dissolved in 0.9% saline. 

An initial control recording was obtained under basal 
conditions. The threshold intensity of electrical stimulus 
capable of eliciting DMR by dental stimulation was then es- 
tablished. Three series of stimulation were carried out, con- 
sisting of threshold stimuli applied at random intervals (1 to 5 
minutes). The noxious stimulation had a frequency of 5 
pulses/sec, 5 msec duration at 1 to 10 volts. The drugs were 
then injected into the STN, most animals receiving one or a 
maximum of two microinjection of the same drug. The stim- 
uli were applied at fixed intervals of 1, 5, 10, 20, 30, 40 and 60 
minutes. A continuous recording was obtained during and 
between dental stimuli, providing both DMR and SBM. The 
animals were killed and perfused with 10% formol, the 
medulla was removed and studied by serial histological 
examination to locate the point of injection. 
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FIG. 3. Effect of S-HT (30 ug/yl) applied to the STN. The ordinate 
gives the mean amplitude of the DMR in mm, and the abscissa, the 
intervals during which the response was tested by applying a nox- 
ious dental stimulus after microinjection of the drug (7). C=control 
value. *=statistically significant values for p=0.05. The vertical bars 
indicate the SEM. AP=anteroposterior. LAT=lateral. H=hori- 
zontal. 


The results were analysed by the Student paired f-test at a 
level of significance of p=0.05. The amplitude of the re- 
sponses was measured in mm, and the differences among the 
highest peaks obtained during noxious stimulation before 
and after drug injection were compared. 


RESULTS 


For the 4 sites studied with the 3 agents we will report 
only the site more effective, for each chemical. The animals 
were divided into three groups of 8 each. Group | was micro- 
injected with Carb, Group 2 with 5-HT, and Group 3 with 
NOR. 


Group I 


Carb microinjection into the site 1.0 mm caudal to the 
obex caused the most obvious responses, as illustrated by 
the histogram in Fig. 1. The histogram shows a marked drop 
in mean defense response after microinjection, which 
reached zero level (0), i.e., total abolition, at the 5-minute 
interval, with significant reduction maintained up to 40 min- 
utes. At the 60 minute interval, the mean response recovered 
the control amplitude. Fig. 2 shows a typical polygraphic 
recording for an animal of Group 1. A decrease in SBM (i.e. 
the movements during the intervals without noxious stimu- 
lation) was also observed. These results indicate that Carb 
has a sharp antinocifensive action as well as a tranquilizing 
action during the intervals without noxious stimulation. 
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FIG. 4. Effect of NOR (30 ug/l) applied to the STN. The ordinate 
gives the mean amplitude of the DMR in mm, and the abscissa, the 
intervals during which the response was tested by applying a nox- 
ious dental stimulus after microinjection of the drug (|). C=control 
value. *=statistically significant values for p=0.05. The vertical 
bars indicate the SEM. AP=anteroposterior. LAT=lateral 
H =horizontal 


Group 2 


Chemical stimulation of the STN with 5-HT had the more 
inhibitory action at the level of the obex, even though the 
decrease in mean DMR amplitude it caused was less intense 
than that evoked by Carb. The decrease in mean response 
amplitude lasted 20 minutes and was statistically significant 
throughout this interval, Fig. 3. Serotonergic inhibition of 
DMR and SBM was of less duration and amplitude than that 
caused by Carb. 


Group 3 


NOR administration into the STN caused the greatest de- 
crease in mean DMR amplitude when applied to the site 
located 1.0 mm caudal to the obex. Fig. 4 shows that re- 
sponse inhibition occurred during the intervals between 5 
and 40 minutes after NOR microinjection, with significance 
at the p=0.05 level. Response latency was higher (5 minutes) 
and produced the maximum effect at the 5 and 10 minute 
interval. 


DISCUSSION 


Chemical stimulation of the STN with Carb produced a 
significant decrease in DMR caused by electric stimulation 
of the dental pulp of anesthetized guinea pigs for all regions 
studied. This inhibition may indicate the presence of 
cholinergic neuronal elements widely distributed throughout 
the STN, since stimulation with Carb was able to inhibit the 
noxious dental response when applied to all four regions 





analyzed. In addition, the decrease in SBN during the inter- 
vals without dental stimulation may indicate a general seda- 
tive effect unlinked to pain stimulation. As to latency, the 
effect could be observed already during the first minute. The 
recovery of DMR and SBM was always observed before the 
final 60-minute interval, except for the region 3 mm caudal to 
the obex. The site 1.0 mm caudal to the obex was the only 
one where abolition of the responses was obtained. In terms 
of duration of inhibition, injection into the site 3.0 mm caudal 
to the obex caused a more lasting, though less intense re- 
sponse than obtained after injection into the more rostral 
sites. The effect still continued at the 60-minute time inter- 
val. 

When the STN was injected with 5-HT, the defense re- 
sponses were also inhibited, though with a considerably 
lower intensity, reaching statistical significance only at the 
level of the obex (strongest action) and at the site 1.0 mm 
caudal to the obex. Latency was | minute, but duration was 
shorter, 20 minutes. 

NOR microinjection produced inhibition of the noxious 
response similar to that produced by 5-HT, with 40-minute 
duration but with a latency of 5 minutes. Significance was 
obtained only at two sites (at the level of the obex and 1.0 
caudal to the obex). 

Several investigators have claimed that in the analgesic 
action of morphine the most important transmitter is seroto- 
nin [8, 14, 15, 21], a hypothesis which has been contested by 
others, who believe that catecholamine levels, especially 
NOR levels, play the most important role in opiate analgesia 
[7, 16, 18). 
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Our results suggest that the STN may contain cholinergic, 
serotonergic and noradrenergic synapses, which may 
facilitate the serotonergic analgesic pathways of the bulbar 
reticular formation described by Basbaum ef al. [2]. One of 
these pathways, with origin in the raphe magnus nucleus 
with a projection descending through the dorsolateral 
funiculum, may have an inhibitory action on the nociceptive 
afferences arriving at the dorsal horn of the spinal cord. The 
other pathway starts at the hucleus gigantocellularis, its fi- 
bers terminate at the level of the ventral horn of the spinal 
cord, and it may act by inhibiting the defense motor re- 
sponse. The site located 1.0 mm caudal to the obex seems to 
be the most effective in triggering the total analgesic mech- 
anism when injected with Carb in the STN. 

It could be postulated that at least three parallel circuits 
may originate in the STN to inhibit the defense response: a 
cholinergic circuit, a serotonergic and a noradrenergic one, 
each having different characteristics of latency, intensity and 
duration. By acting synergistically, perhaps together with 
other endogenous analgesic products [20], these multiple 
pathways would add more precise control mechanism to the 
integration of the reaction to noxious dental stimuli in the 
guinea pig. 
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KILPATRICK, S. J. AND H. MOLTZ. Manipulation of testosterone in the neonatal rat and pheromonal emission in the 
adult. PHYSIOL. BEHAV. 28(1) 53-56, 1982.—The question we addressed is why the male rat fails to emit the maternal 
pheromone when caring for young or when injected with prolactin. Our hypothesis was that exposure to androgen 
neonatally decreases the prolactin sensitivity of the male liver, making that liver incapable of secreting sufficient cholic acid 
for pheromonal synthesis. Accordingly, we castrated male rats prior to 2 hr of age and injected female rats with testos- 
terone propionate within 8 days of age. Only those animals that had been spared exposure to androgen neonatally showed 
evidence of the pheromone when injected with prolactin as adults. Moreover, these same animals exhibited a higher output 
of cholic acid per g liver than their control counterparts (sham-operated males and vehicle-injected females). We conclude 
that the sex-related capacity for pheromonal emission is differentiated perinatally and involves the sensitivity of the liver to 


prolactin and its consequent secretion of cholic acid. 


Maternal pheromone Prolactin Cholic acid 


BEGINNING some two weeks after parturition, the lactat- 
ing rat emits a pheromone that is carried in her feces [13]. 
This pheromone, to which preweanling young are strongly 
attracted, is known to be prolactin dependent [14]. Noting 
that prolactin is elevated during lactation [1], and that an 
elevation in circulating prolactin leads to an increase in the 
uptake of the hormone at the liver [1, 4, 19], Leidahl and 
Moltz [18] suggested that a prolactin-hepatic interaction 
might underlie pheromonal release. Specifically, they hy- 
pothesized that prolactin induces a change in bile composi- 
tion, leading in turn to the excretion of pheromone- 
containing feces. This hypothesis was expanded subse- 
quently by Kilpatrick, Bolt, and Moltz [9] and by Moltz and 
Lee [17]. These authors suggested that pheromonal emission 
is the result of a sequence of events that begins with the 
heightening of prolactin in blood, followed by an increase in 
the uptake of the hormone at the liver, leading in turn to an 
elevation of cholic acid in bile and then to the conversion of 
this steroid by selected bacteria in the cecum. As pictured, 
the final result is a unique product, an as yet unidentified 
derivative of cholic acid which is highly volatile and serves 
to attract young to the feces of the lactating female. 

The lactating female is not alone, however, in emitting the 
pheromone. If a nulliparous female is given access to young 
and behaves maternally, as nulliparae often do, then she too 
emits a pheromone that strongly attracts young. That in each 


Liver 


Sexual differentiation 


case the same attractant is probably being released is at- 
tested by several facts: (a) the lactating female and the 
maternally-behaving nulliparous female’ carry _ the 
pheromone in their feces [10,11]; (b) the young respond 
equally to the excreta of both [11]; (c) each female begins to 
emit the pheromone 14 days after the start of maternal be- 
havior and ceases emission at approximately 27 days [ 10]; (d) 
and finally, both females exhibit elevated levels of prolactin 
throughout the two-week period immediately preceding re- 
lease of the pheromone [1,16]. This last shared characteristic 
is particularly important since pheromonal emission, as al- 
ready suggested, is thought to begin with an elevation of 
prolactin in blood. 

Male rats also behave maternally when kept in associa- 
tion with young, and they do so in a manner virtually indis- 
tinguishable from their female counterparts [21]. Yet male 
rats do not emit the pheromone. Nor do they emit the 
pheromone even when given repeated injections of prolactin 
[18]. The question that arises is obvious: why does the 
female release the attractant in response to elevated 
prolactin whereas the male does not? We think the answer is 
to be found in the liver. 

From the work of Posner and his colleagues [19] and from 
the more recent work of Manni, Chambers and Pearson [15], 
we know that prolactin induces its own receptors at the liver, 
which is to say that the liver responds to an increase in 
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circulating prolactin by forming additional binding sites to 
take up the peptide. There is, however, a sex-related differ- 
ence in liver responsiveness in that the female liver shows a 
substantially greater capacity to form new prolactin recep- 
tors than the male liver [20]. If, as we suspect, this difference 
becomes magnified when prolactin is elevated, then it is not 
difficult to picture the male as continuing to bind relatively 
little of the hormone and the female as coming to bind more 
than she would otherwise have bound. Accordingly, our hy- 
pothesis would predict high cholic-acid secretion in the 
female and continued low cholic-acid secretion in the male, 
leading in turn to pheromonal emission in one sex but not in 
the other. The question of how this prolactin sensitivity be- 
comes gender-related is the subject of the present experi- 
ment. 

It is well known that a number of drugs and steroids are 
metabolized by the liver along different biosynthetic path- 
ways in the male and female [5,6]. This sexual differentiation 
occurs perinatally and is due to the presence or absence, 
respectively, of testicular secretions. We are suggesting that 
the capacity of the liver to recognize prolactin is also pro- 
grammed perinatally. Specifically, our contention is that the 
presence of androgen early in the development of the male 
decreases the prolactin sensitivity of his liver, so that there- 
after he fails to form as many hepatic binding sites to the 
hormone as the female. Moreover, the number he does form, 
even when circulating prolactin is elevated, is not enough to 
promote the secretion of cholic acid in amounts sufficient to 
support pheromonal synthesis. If this is correct then 


perhaps, as in the case of other sex-related differences in 
liver functioning [5,6], the difference in prolactin binding can 
also be reversed by manipulating testosterone early in devel- 
opment. The present experiment was designed with this 


possibility in mind, specifically with the expectation that 
adult males castrated neonatally would emit the pheromone 
and that adult females injected with testosterone neonatally 
would not. Accompanying such a sex-related reversal in 
pheromonal emission should be a corresponding reversal in 
the output of cholic acid from the liver. 


METHOD 


A total of 24 Wistar pups, born in the authors’ laboratory, 
was assigned, respectively, to four groups, two consisting 
entirely of males and two entirely of females. Each group 
was treated neonatally, the males, however, within 2 hr 
postpartum and the females within 3 days postpartum. For 
the males, the treatment was either castration or sham cas- 
tration, for the females either injection of testosterone or 
injection of oil alone. 

Because males show a substantial surge in circulating tes- 
tosterone at 2 hr of age [3], and because this early surge 
might conceivably affect liver functioning, we selected male 
pups younger than 2 hr. Castration was carried out under 
cold anesthesia using a mid-line incision; sham castration 
was carried out using the same procedure except that the 
testes of course were left in situ. 

When our female pups were three days of age, one-half 
was given a single injection SC of 1.0 mg testosterone pro- 
pionate (Neo-Hombreol, Organon) in 0.1 ml peanut oil; 
the remaining one-half was given a single injection SC of 0.1 
ml peanut oil alone. 

Following neonatal treatment the pups were grouped into 
litters of 6 or 7 and left undisturbed until weaning. Thereaf- 
ter, they were housed in standard laboratory cages in groups 


KILPATRICK AND MOLTZ 


of 2-3. At 90 days of age each animal was assigned to an 
individual cage and subjected to a prolactin regimen known 
to induce pheromonal emission in otherwise untreated nul- 
liparous females [12]. 

The prolactin (NIH PS 10 or PS 12) was injected SC twice 
daily at 0800 and 2000 hr in 0.2 phosphate buffered saline 
(pH=9.0) containing 25IU of the hormone. After 10-16 days 
of injection, each rat was tested for pheromonal emission. 
Testing was carried out in the olfactory discrimination appa- 
ratus described previously by Leon and Moltz [13]. Briefly, 
this apparatus was designed to permit approach across an 
open field from a start box to either of two goal boxes, each 
faced with opaque Plexiglas. From a single overhead valve, 
filtered air was forced throught the goal compartments 
across the open field to the start box. On every trial, one of 
the compartments contained a prolactin-injected rat, the 
other an untreated female of comparable age drawn at ran- 
dom from our colony. The aim was to assess the attractive- 
ness of each of our animals against animals known to be free 
of the pheromone. A pup was able to express a preference by 
descending a narrow cliff-opening leading to the individual 
compartments. In the event that it failed to express a prefer- 
ence, it was counted as having ‘‘not responded.”’ A total of 
six pups was used to test each stimulus pair. 

Each test trial was carried out by placing a single pup in 
the start box of the apparatus and allowing it 5 min to make a 
choice. After the pup registered a choice, or after 5 min had 
elapsed, it was removed from the apparatus and the absor- 
bent paper covering the open field and the start box was 
replaced. When three pups had been run, the goal-box posi- 
tions of the stimulus animals were reversed. 

The test pups themselves were 16-21 days old, selected 
because pups of this age are known to respond strongly to 
the pheromone [13]. It should be noted that every pup was 
used only once and in no case was a pup familiar with the 
adult animals against which it was tested. 

After testing for the pheromone was completed, four 
animals from each group were anesthetized with Diabutal 
and a silastic tube was inserted into each bile duct. Bile was 
collected for exactly 1 hr. At the end of this period the vol- 
ume of bile was recorded and the liver was excised and 
weighed. 

Cholic acid was separated by thin layer chromatography 
and the output (umoles/hr) was measured by an enzymatic- 
spectrophotometric procedure using a Sterognost enzymatic 
kit (Accurate Chemical Co.). (For details relating to bile col- 
lection and bile analysis, see Kilpatrick, Bolt and Moltz [8}). 


RESULTS AND DISCUSSION 


As shown in Table 1, the only groups chosen significantly 
by test young were those spared exposure to androgen 
neonatally. In other words, only control females and males 
castrated prior to 2 hr of age showed evidence of the 
pheromone, x?=11.12, p<0.05, x?=5.54, p<0.05, while 
females injected with androgen neonatally and control males 
proved no more attractive to test young than non-pheromone 
emitting animals selected at random from the colony. 

Since liver weight is affected significantly by the presence 
of androgen during the neonatal period (Kilpatrick and Moltz, 
unpublished data), the output of cholic acid was expressed in 
umoles/hr/g liver. Relevant comparisons involving output 
were consonant with the behavioral data just mentioned and 
support the proposed relationship between prolactin, cholic 


acid and pheromonal emission. As evident from Table 2, 





MATERNAL PHEROMONE AND LIVER FUNCTION 


TABLE | 
PERCENT CHOICES OF TEST YOUNG* 





Nulliparous 
Female or 
No Response 


Neonatally- 
Manipulated 
Animal 


Neonatal 


Manipulation Significancet 





Castrated Males 69.4 30.6 <0.05 

Sham-Castrated 61.1 38.9 >0.05 
Males 

Testosterone- 47.2 52. >0.05 
Injected Females 

Oil-Injected 77.8 : <0.05 
Females 





*Each neonatally-manipulated animal was injected with prolactin 
as an adult and paired with a non-treated nulliparous female. 
*+Chi square. 


control females had a higher cholic-acid output per g liver 
than testosterone-injected females, t=5.79, p<0.01, and cas- 
trated males a higher cholic-acid output per g liver than 
sham-castrated males, although the latter comparison failed 
to reach statistical significance, t=1.42, p>0.05. 

We have pictured emission of the pheromone in the 
female rat as following a sequence of events that begins with 
the elevation of prolactin in blood, that leads to the increased 
uptake of the hormone at the liver, that in turn heightens the 
production of cholic acid, providing the cecum with enough 
precursor to synthesize the attractant. The question we 
chose to answer is why heightened prolactin fails to lead to 
pheromonal emission in the male. We suggested that the 
male liver may be programmed neonatally by the presence of 
androgen to reduce its sensitivity to prolactin. As a conse- 
quence, the male may be incapable of responding to 


TABLE 2 
MEAN CHOLIC ACID OUTPUT (per g) LIVER (umoles/hr/g liver) IN 


ANIMALS MANIPULATED NEONATALLY AND INJECTED WITH 
PROLACTIN AS ADULTS 





Testoterone- 
injected Females Control Females 
1.02 1.62* 


Castrated Males Control Males 


2.24 77 





*Significantly greater than testosterone-injected females (p< 
0.05). 


prolactin with sufficient cholic-acid secretion to support 
production of the pheromone. The present data suggest that 
the sex-related capacity for pheromonal emission is pro- 
grammed early in development and that this differential capac- 
ity is imprinted in the liver, specifically in its sensitivity to 
prolactin and its secretion of cholic acid. 

There is only one other report in the literature showing 
induction of the pheromone in male rats [10]. The males used 
were adult and intact, given neither pups nor exogenous 
prolactin. What they were given instead, through direct 
intracecal injection, was bile drawn from females actively 
emitting the attractant. Such bile is known to contain high 
levels of cholic acid [18], higher presumably than males can 
secrete endogenously. Making these concentrations avail- 
able at the cecum, compensating in other words for the rela- 
tive prolactin insensitivity of the male liver, enabled intact 
males to emit the pheromone. That they did so, and at a level 
characteristic of prolactin-stimulated females, reinforces the 
conclusion that the observed sex difference in pheromonal 
emission is the result of a basic sex difference in hepatic 
functioning. 
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ERICKSON, R. P. Studies on the perception of taste: Do primaries exist? PHYSIOL. BEHAV. 28(1) 57-62, 1982.—The 
idea that there are four primary tastes is basic to almost all research in gustation. Although this concept guides the 


formulation and interpretation of studies of taste psychophysics, as well as studies of taste stimuli, receptors, and neural 
organization, there is a surprising absence of studies designed to determine if this quadripartite view of taste is correct 


The 


present group of three studies is designed to ask this question on a psychophysical level, comparing the taste data with 
combinations of tones, which appear to remain separate; subjects are asked: (a) whether tastes and tones—including 
mixtures—are perceived as singular or more-than-one, (b) whether increasing the number of components in a mixture 
(tastes or tones) results in increases in the perceived complexity, and (c) whether stimuli (tastes or tones) remain identifi- 
able in mixtures with other stimuli. In all three experiments, it appears that the individual tones remained distinct and 
unaltered in combinations. Taste stimuli combined very differently from tones, in ways that suggested that the original 


components lost their identity, and sensations other than those in the original components (e.g., 


“primary tastes ) were 


synthesized. From this it follows that taste is composed of many sensations, not just the “*primary four 


Taste Psychophysics Primaries Tone 


WHAT is meant by the term primary (or basic) taste? The 
most fundamental premise in our understanding of gustation 
is that there are four primary tastes. This is certainly a con- 
venient guide in research, whether in psychophysics, neural 
organization, receptor processes, coding, or the chemistry of 
the stimulus. But the evidence to support the underlying idea 
of primary tastes is equivocal [10]. Indeed, there is no clear 
definition of what a primary taste is. 

On the psychophysical level, the area in which the idea 
was first elaborated (see [2]), Henning’s work [5] is generally 
taken as the definitive support of the present 4-taste position. 
However, as we noted earlier [4], Henning was adamant in 
his position that taste is composed of a very large number of 
discrete and independent tastes, not just four. (In his model, 
these taste sensations are in some way bounded by the famil- 
iar four. His tetrahedron may be considered an early, non- 
mathematical attempt at multidimensional scaling. His logic 
for olfaction is similar, with the olfactory prism [6].) He dis- 
cussed the tastes along the edges of his tetrahedron in 
analogy with tones: that one in the center of one of the edges 
is not simply a perceptual combination of the two stimuli at 
the ends of this edge, but an entirely independent and singu- 
lar sensation. (These tastes are related to the end-points of 
the edge in a series, as one note in the center of a piano 
keyboard is related to higher and lower tones. The term 
‘*Qualitatenreihe”’ in the title of his article on this topic may 
be translated as ‘‘quality series,’’ or possibly ‘‘quality con- 
tinuum.”’ In either case, the intended multiplicity of tastes is 
clear.) However, the definition and experimental test of what 
primary taste qualities are remains unexplored. 

Could one definition of ‘‘primary’’ or ‘‘basic’’ taste be 
that, contrary to Henning, they are a few tastes perceived as 


singular, and which are the total constituents of our taste 
experience? In a previous paper [4] we showed that individ- 
ual taste stimuli are not perceived to be as singular as indi- 
vidual tones on a piano (piano notes are certainly not singu- 
lar in the sense of a pure sine wave; however, they are defi- 
nitely perceived as ‘‘one,’’ and thus are appropriate for the 
present studies), although those representing the ‘‘primary”’ 
tastes are somewhat more singular (around 80% singular) 
than other single stimuli (around 55% singular). This suggests 
that no taste, primary or otherwise, fits a scheme of singu- 
larity very well. But perhaps pairs of tastes would be per- 
ceived as multiple when mixed together, as are pairs of tones. 
However, we found this not to be the case; mixtures of 
taste stimuli, including some mixtures of the so-called pri- 
mary stimuli (as NaCl plus HCl), were perceived to be as 
singular as each of these stimuli individually. Thus, it did not 
appear that taste is exhaustively composed of 4 tastes, at 
least under those conditions. However, ‘‘sweet’’ did appear 
to remain somewhat distinct from the other tastes, as if it is 
to some degree a separate ‘‘tone.”” 

In the present paper, we pursued Henning’s idea that 
there are not just four tastes by further determining the per- 
ceptual qualities of combinations of tastes. In each of the 
three experiments, the plan was to see whether tastes remain 
distinct in combinations, as would be expected if there are 
only 4 tastes. Comparisons were made with combinations of 
tones, which do appear to remain distinct in combinations. 

The issue is not whether the taste stimuli used may inter- 
act chemically, changing their properties in some way, or 
whether one may change the amount of a ‘‘taste quality”’ 
elicited by another [1, 7, 9] but whether whatever results is 
accounted for by the model of 4 distinct and separate tastes, 
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TABLE | 
TASTE STIMULI USED 





0.3 M sucrose 
0.0045 M HCl 
0.004 M HNO, 
0.2 M NaCl 
0.001 M QHCI 
0.00033 M Q.SO, 
0.1M MgCl, 
0.1M NH,Cl 
0.3 M KCl 





Reagent grade chemicals were made up in distilled water. Concen- 
trations are for individual stimuli as well as stimuli in mixtures. 


sweet, sour, salty and bitter. The fact that taste stimuli can 
be rated on the traditional 4 qualities does not validate the 
idea that taste is composed only of these four [10]. Since this 
paper is not a part of the traditional literature on the quad- 
ripartite evaluation of taste mixtures, a review of those data 
is not included herein. 

The general conclusion in all three experiments was that 
tastes in combinations do not remain distinct; thus, inter- 
mediate tastes other than those of the individual stimuli ap- 
pear to be synthesized. This implies that there are more than 
just 4 tastes. However, as shown before, there is some evi- 
dence that sucrose may tend to remain a somewhat distinct 
taste in mixtures. 


METHOD 


The procedures were similar to those used previously in 
an investigation of the perceived singularity of individual and 
paired taste and tonal stimuli [4]; the differences were in the 
number of stimuli used in combinations, and judgments re- 
quested, as detailed below. In each experiment, the subjects 
were unselected, unexperienced and unpaid undergraduates 
(ages 18-21), with roughly equal numbers of both sexes. The 
use of the terms ‘‘sweet,”’ “‘sour,’’ etc., was avoided 
throughout to prevent the use of a 4-class referent, which 
could have biased the results. Taste stimuli were reagent 
grade in distilled water (Table 1). The ‘‘sip and spit’’ method 
was used, with about 17 ml of the stimulus at 72°F. Several 
rinses of about 25 ml water were used. The timing and dura- 
tion of each was not controlled strictly; instead, a leisurely 
pace was encouraged to allow the subjects to carefully taste 
and rinse each stimulus. The tones, following the instruc- 
tions, were recorded on tape as played on a piano. Within 
each series of taste or tone stimuli, the same random ar- 
rangement of stimuli was used for each subject. 

Further details for each experiment are given in the fol- 
lowing sections. 


Experiment |. Singularity 


Taste. Each of 56 subjects judged each of 14 taste 
stimulus combinations in terms of singularity; 4 singular 
stimuli, 7 combinations of 3 stimuli and 3 combinations of 4 
stimuli; data for double stimuli had been obtained previously 
[4] and are included herein (Fig. 1). The 4 singular taste 
stimuli were all ‘‘primaries’’ (sucrose 3 times, HNO, 3 times, 
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FIG. 1. Singularity of tastes and tones. Summary of the data in Table 
2. Percentage judgments of singularity of mixtures of from | to 4 
taste stimuli and | to 4 tones. Single tones are always judged to be 
‘‘singlular,’’ 2 to 4 tones almost always appear to be ‘‘more-than- 
one.’ Single taste stimuli not clearly *‘singular,’’ and combinations 
not clearly *“‘more-than-one’’; combinations with sucrose tend to be 
somewhat more ‘‘more-than-one”’ than those without sucrose, but 
not to the extent that multiple tones are ‘‘more-than-one.”’ Data for 
double tastes and tones from Erickson and Covey [4]. Vertical bars 
give total range of data around medians. Note that ranges are not 
given for some data points. This is because some represent one % 
value (singular sucrose, 4-component taste stimulus), or the 
‘‘range’’ is extremely limited (auditory data; see Table 2). 


NaCl 2 times and QHC1 2 times). These are listed in Table 2, 
along with the results in terms of ‘*% judged singular.”’ All 
other stimuli were judged twice for a total of 30 judgments 
per subject. 

In each case, the subjects were simply asked whether 
they perceived ‘‘one’’ or ‘‘more-than-one”’’ stimulus. The 
results are given in Table 2 and Fig. 1. 

Tones. The procedure with tones was similar to that used 
for the tastes. Each of the same 56 subjects used above 
judged each of 14 tone stimuli in terms of singularity; 4 singu- 
lar stimuli, 7 3-tone chords, and 3 4-tone chords; data for 
2-tone chords had been obtained previously [4] and are in- 
cluded herein. The stimuli are listed in Table 2 along with the 
results in terms of **% judged singular.” 





DO TASTE PRIMARIES EXIST? 


SINGULARITY OF TASTES AND TONES 





Tastes 


Tones 





sucrose 
HCl 
NaCl 
Q.SO, 
N-S-H 
N-Q-H 
N-Q-K 


D 
F 
G# 
DFB 
FGA 
DFG# 


N-Q-S 24 DFA 
H-Q-S 18 FG#B 
H;-NH-S 20 DAB 
H;-NH-M 52 DG#B 
N-Q-S-H 17 DFG#B 
K-M-S-H 13 DEGA 
K-M-NH-H $2 EFAB 





Fourteen combinations of taste stimuli were judged for *‘singu- 
larity’’; data are the percentage of the judgments given as ‘‘singu- 
lar.’’ There were a total of 30 judgments by each of 56 subjects, all 
stimuli being judged twice, except sucrose and HCl, which were 
judged 3 times each. Abbreviations: H=HCI, H,=HNO,, K=KCl, 
M=MgCl., N=NaCl, NH=NH,Cl, Q=Q,.SO,, S=sucrose. 

Data for tones as for tastes, B and D being judged 3 times each. All 
tones in the octave above middle C. Data for double tastes and tones 
included in Fig. 1 are from Erickson and Covey [4]. 


Experiment 2. Complexity 


In this experiment, each of 20 subjects was asked to rate 
the complexity of each of 28 combinations of tones (7 each of 
1, 2, 3, and 4-note chords), and two judgments of each of 15 
combinations of the 4 primary taste stimuli (5 of the single 
stimuli, 6 of 2 stimuli together, 4 of 3 stimuli, and 1 of all 4 
stimuli; Table 3). The ratings were made by placing a mark 
along a line divided into 6 equal parts and labeled *‘simple”’ 
at one end and ‘‘complex’”’ at the other; this line is repre- 
sented as the ordinate in Fig. 2. The responses were meas- 
ured by the numbering system indicated on the ordinate, and 
appear in terms of this | to 6 scale in Table 3. 


Experiment 3. Hidden Stimuli 


In this experiment, the subjects were asked to keep track 
of a given test stimulus when it was presented in combination 
with another stimulus. For example, a given wavelength of 
light (color) is totally lost in the formation of a new color 
when mixed with a second wavelength, whereas one tone is 
not lost in the presence of another. Here, this procedure was 
tried with auditory and taste stimuli to determine the extent 
to which one stimulus is “‘lost’’ in the presence of another 
‘‘context’’ stimulus. The subjects were asked to identify 
which of 2 ‘‘test”’ stimuli, called *‘A’’ and **B,”’ were present 
in mixture with a ‘‘context’’ stimulus. If a test stimulus 
combined with the context stimulus to form a new stimulus, 
as with wavelengths of light (synthetically), it might be lost 
and thus, in some but not all cases, be confused with or 
mistaken for the other test stimulus. If it mixed with the 





§> 


ON 


Complexity —> 








l ba 
2 3 





# Components 


FIG. 2. Complexity of tastes and tones. Summary of data in Table 3 
Median values given. Degree of complexity was judged on scale of | 
to 6 (ordinate). Tones are quite singular with one component, and 
become progressively more complex from | to 4 components. Indi- 
vidual taste stimuli are not judged to be as simple as single tones, 
and do not become systematically more complex in combinations 


context stimulus as do tones (analytically), it should remain 
distinct and identifiable. 

For the taste stimuli, only the four primary tastes were 
used since the results might be considered equivocal if stim- 
uli considered to have multiple or side tastes were used. 
Each of the six possible pairs was tested twice, once in the 
presence of each of the other two stimuli (for example, the 
detection of NaCl vs HCI in the context of sucrose, and in 
the context of QHC]) for a total of 12 situations; since either 
of the tastes could be correct, this gave a total of 24 situa- 
tions (Table 4). Forty-three to 68 subjects judged each 
stimulus pair in context twice, and each stimulus pair with- 
out the context stimulus 5 times. The data appear in Table 4. 

For the tones, 3 tone pairs were used in the presence of 7 
context tones; with either member of the pair being correct, 
this gave a total of 42 situations. This made this procedure 





TABLE 3 
COMPLEXITY OF TASTES AND TONES 





Tastes Tones 





sucrose 2:3 
HCl . 1.3 
NaCl 3. 7 1.0 
Q.SO, : 1.0 
1.0 
2.8 
1.0 


4.3 
3.6 
4.0 
3.3 
2.6 
3.6 
3.6 


4.3 
BK 
4.0 
4.6 
4.3 
4.6 
3.6 


4.3 
5.3 
6.0 
5.5 
4.6 
5.0 
4.3 





Fifteen combinations of taste stimuli were judged for *‘complex- 
ity.’ There were a total of 30 judgments by each of 20 subjects, each 
stimulus being judged twice. The complexity of each on a scale of | 
(simple) to 6 (complex) is shown. Q=Q,SO,. 

Data for tones as for tastes, each judged once by each subject. All 
tones in octave above middle C. 


somewhat more complex than that for the tastes. Fifty-eight 
of the subjects used above judged each situation twice. The 
data appear in Table 5. 


RESULTS 
Experiment |. Singularity 


The manner of perception of combinations of tones, as 
shown in Table 2 and Fig. 1, is quite clear. Individual tones 
are always judged as singular, and combinations of 2, 3, or 4 
tones are almost without exception judged as ‘‘more-than- 
one.’’ There is almost no variance in each data point (Table 
2), so no ‘‘range’’ values are shown. 

The perception of tastes is quite different from that of 
tones. First, individual taste stimuli are not always judged to 
be singular, even the so-called ‘‘primary”’ tastes, confirming 
our previous study [4]. The various combinations of 2, 3, or 4 
stimuli do not increase noticeably in complexity from the 
individual components, except those which include sucrose. 


ERICKSON 


The combinations with sucrose do increase in complexity, 
but never to the extent observed with combinations of tones. 

Statistical procedures were not used here since the data 
seen sufficiently clear to draw the present conclusions with- 
out them. For example, there is essentially no variance in the 
auditory data. No statistical test is necessary to show that 
taste stimuli of one component are not always perceived as 
‘*singular,”’ or that taste stimuli of more than one component 
are not always perceived as ‘“‘more than one.”’ These are the 
main points to be derived from these data. 


Experiment 2. Complexity 


The single tones were usually given the most ‘‘simple”’ 
rating possible, with the progression toward 4 tones being 
indicated by a monotonic increase in complexity. 

For the taste stimuli, on the other hand, the curve does 
not show the monotonic increase of the auditory curve. The 
individual strmuli were not rated as ‘‘simple”’ as the individ- 
ual tones, and the addition of components did not seem to 
increase the perceived complexity. Again, statistical 
analyses do not seem required to demonstrate the main 
points here, that (a) these curves do not slope in the same 
direction, or that (b) the ‘‘taste’’ curve starts, at the one- 
component level, at a higher rating of complexity than the 
‘“*tone’’ curve. 


Experiment 3. Hidden Stimuli 


It is clear that subjects can learn to identify the individual 
test stimuli as ‘‘A’’ or “*B,”’ with very little error when pre- 
sented alone—without a ‘“‘context’’ stimulus; as seen in 
Table 5, there is essentially no error in identification of 
tones, and as seen in Table 4 very little error (up to 5%) in 
identifying the taste stimuli. 

When the test tones are to be identified with a ‘“‘context” 
tone present (Table 5), there are up to 18% errors (median of 
6%) depending on the tones chosen. When taste stimuli are 
to be identified in the presence of a ‘‘context’’ taste (Table 
4), most (18 of 24) were within the range of the errors made 
with tones in context (median=6.5%). However, consider- 
able errors were made with some (6 of 24), from 20% to 62%. 
As extreme examples of this, in mixtures with quinine, NaCl 
was identified as HCI in 52% of the cases; and quinine was 
mistaken for HNO, in 62% of the cases in the context of 
sucrose. Quinine was mistaken for HNO, in NaCl, NaCl was 
mistaken for HNO, in sucrose and for quinine in HNO,, and 
sucrose was mistaken for HNO, in quinine. Such errors ap- 
proaching or exceeding chance level (50%) clearly show that 
the taste stimuli were becoming obscured (‘‘lost’’) in a way 
that the tonal stimuli were not. 


DISCUSSION 


The experiments with auditory stimuli presented a clear 
case of what has been termed an ‘‘analytic’’ sensory system 
[3]. That is, when several were presented, they remained 
individually clear and distinct, undistorted by each other. 
For example, while a single tone was perceived as being 
singular, 2 or more tones were always perceived as more 
than one. The progression from 1 to 4 tones was perceived as 
a progressive increase in complexity. And the correct iden- 
tification of a tone was not greatly disturbed by the presence 
of another tone. Thus, in all cases, the stimulus situation was 
correctly analyzed into its components. 

The situation with tastes was dramatically unlike that for 





DO TASTE PRIMARIES EXIST? 


TABLE 4 
HIDDEN STIMULI: TASTES 





In Context of: 


Test-Pair Without Number 
“_— — Context: Sucrose QHCI NaCl Subjects 





N-H 4(14/340) 44(60/136) 52(71/136) 68 
N-H 4(13/340) 11(15/136) 11(15/136) 

H-Q 5(14/265) 4(4/106) 12(12/106) 

H-O 3(7/265) 62(66/106) 46(46/106) 

N-Q 0(1/215) 6(5/86) 25(21/86) 
N-O 0(1/215) 12(10/86) 12(10/86) 
H-S 1(3/245) 4(4/98) 9(9/98) 

H-S 0(0/245) 20(20/98) 9(9/98) 

N-S 1(2/260) 4(4/104) 4(4/104) 
N-S 1(2/260) 12(13/104) 7(7/104) 
S-Q 0(0/250) 2(2/100) 5(5/100) 
S-Q 0( 1/250) 1(1/100) 1(1/100) 





The first column gives the test pair chosen from the 4 primary taste stimuli; the ‘‘correct’’ stimulus 
to be identified is italicized. The second column shows how often this stimulus was incorrectly 
identified as the other member of the pair; percent (and then the raw data in parentheses). The third set 
of columns shows how often each stimulus was incorrectly identified, as column 2, except with these 
stimuli being presented in the presence of the named context stimulus: note that in some cases the 
proportion of errors increases when the stimuli are presented in context. Last column, number of 
subjects: each judged each stimulus alone 5 times, and each stimulus in each context two times. For 
example, the first row indicates that each of 68 subjects were to identify whether they were tasting 
NaCl (called “‘A’’) or HCI (called *‘B’’); NaCl was the stimulus presented (N). There were 14 errors 
(response **B’’ instead of *‘A’’) out of 340 trials (4%). When made up in sucrose, there were 60 such 
errors (44%) in 136 trials, and 71 errors (52%) in the context of QHCI. The second row shows the data 
when HCI (“‘B’’) is the correct response (H). Q=QHCI. 


TABLE 5 
HIDDEN STIMULI: TONES 
tones. Since the presentation of several taste stimuli seemed 
) = to result in a change in the perceptions considered individu- 
+ > = ally, the system may be considered to be acting ‘*synthet- 

+ ically’’ in analogy with the fusions experienced when colors 
are mixed. Simultaneous presentations of several taste 
stimuli did not result in appreciable reductions in the singu- 
I larity of the sensations, nor in an increase in the perceived 

7 4 2343 6 complexity. And although the correct identification of some 
Test Pairs Context Tones stimuli in context was not degraded, serious problems in 
identification occurred in other cases. Thus, in none of these 
In Context of: experiments were the complex stimuli analyzed into their 
components as were the tones. In additional contrast to the 
tones, the taste stimuli were not even judged as singular 
when presented alone. 

It was pointed out previously [4] that sucrose is somewhat 
distinct and ‘‘analyzable’’ from the other stimuli used. This 
appeared also in the results of Experiment | herein, but not 
clearly so in the other 2 experiments. This topic requires 
further analysis. 

The use of ‘‘naive’’ subjects is to be noted. It is clear that 
the analysis of the auditory stimuli was immediately obvious 
— even to unpracticed subjects. Also, our use of such subjects 

As Table 4, except for tones. Each of these stimulus stiuations was prompted by the expectation that through training sub- 
was judged twice by 58 subjects for a total of 116 judgments each. In ass py magne. meet ; ee 
each cell is presented the percent errors in identifying the stimulus jects may learn to a conan extent to report not what is given 

in their immediate sensory experience (as with the tones), 


as “‘A’’ or ‘‘B.”’ For example, in the first row, test tone 1 was = — | , ) 
presented; no errors were made in differentiating it from test tone 2 but to intellectualize about what might lie behind this 
(second column). However, in the presence of context tone 7, test experience. For example, in some visual psychophysical ex- 
tone 2 was in error said to be present 14 times out of the 116 presen- periments [3] two subjects reported that a certain hue was 


tations (12%). In row 2, however, it is seen that no errors are made in ‘*two’’ because they knew it would take 2 primaries to 


identifying test tone 2 in the presence of context tone 7. produce it. 
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The question arises of why only some but not all of the 
stimulus pairs were confused by the addition of certain con- 
text stimuli in the third experiment. Actually, only some of 
the context stimulus-test stimulus mixtures would be ex- 
pected to produce confusions if they synthesized a new 
taste. This is because only those new tastes which were more 
similar to the other test stimulus would increase the 
probability of identifying it as the other test stimulus. 
Theoretically, some of the synthesized tastes could be even 
less like the other test stimulus and thus reduce the error 
rate, although this would be unlikely if these particular 
stimuli do, in fact, stand at the extreme edges of the taste 
stimulus space as Henning suggested. The systematic rela- 
tionships among these stimuli and their mixtures remain to 
be worked out. 


ERICKSON 


In general, within the limitations of these experiments, it 
does not appear that taste is an analytic system composed of 
only 4 tastes. Kuznicki [8] has come to similar conclusions. 
It is shown herein that if the typical quadripartite constraints 
are not placed on the design of the experiments, but the 
method allows for their disclosure if present, they will not 
appear. Since this idea that there are 4 tastes is so central to 
our understanding and research in taste, it is hoped that more 
critical examinations of this issue will replace its uncritical 
acceptance. 
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DELIUS, J.D. AND K. PELLANDER. Hunger dependence of electrical brain self-stimulation in the pigeon. PHYSIOL 

BEHAV. 28(1) 63-66, 1982.—Contrary to recent evidence, further data showing that intracranial self-stimulation behaviour in 
the pigeon is frequently hunger-dependent is reported. A compilation of reinforcing brain loci in the pigeon suggests an 
association with two dopaminergic systems, the paleostriatal complex and the nucleus basalis system, the latter being 


known to be involved in the control of feeding. 


Brain self-stimulation Hunger Pigeon 


IN a recent study on reinforcing intracranial stimulation in 
the pigeon Zeigler et a/. [15] failed to find any evidence for a 
hunger dependence of self-stimulation response rates. This 


result disagrees at least partially with previous findings of 


our own and others indicating that such a dependence was a 
salient characteristic of a high proportion of rewarding brain 
loci in the pigeon (see [2]). Zeigler et a/.’s results also con- 
trast with the widespread occurrence of hunger dependence 
of self-stimulation behaviour in mammals (see [4,7]). Here 
we report briefly some further results that bear on the issue 
in question and at the same time update a compilation of the 
anatomical location of self-stimulation sites in pigeon. 


METHOD AND RESULTS 


The methods were similar to those employed previously 
[2] and we shall only give a brief description here. Seven 
adult pigeons (Columba livia) of unknown sex were used. 
They were implanted stereotaxically under anaesthesia 
(Equithesin, intramuscular, 0.25 ml/100 g) with a set of 4 
staggered insulated stainless steel brain electrodes of 0.12 
mm diameter with active surface tips between 0.2 and 0.3 
mm* surface. The electrodes were linked to a connector that 
was cemented to the skull. A loop of bare stainless steel wire 
under the scalp skin served as the indifferent electrode. After 
the behavioural experiments the animals were sacrificed and 
their brains processed for histology. The sections were ex- 
amined under the microscope and the electrode-tip site loca- 
tions were transferred to drawings taken from a pigeon brain 
atlas [5]. The sites are denominated with a three-cipher num- 
ber where the two first ciphers identify the subject. 

The subjects were food deprived to 80% of their normal 
weight and shaped to peck an illuminated key of a Skinner- 
box for 3 sec food access. When they responded steadily 
they were subjected to daily sessions consisting of three 10 
min periods where they pecked either for food or for stimu- 
lation through one electrode (0.5 sec, 100 wA rms, 50 Hz sine 
waves) both on a continuous reinforcement schedule, or 


under extinction conditions, in randomized order. Each elec- 
trode was tested in 5 such sessions. An electrode was sus- 
pected to maintain self-stimulation if the number of re- 
sponses during the stimulation periods was higher than dur- 
ing the extinction periods but also of the corresponding 
cumulative record showed a steadily ascending pattern as 
different from the progressively flattening curve typical of 
extinction. A presumed rewarding site was tested further in 4 
daily sessions consisting of 4 randomized periods of 10 min 
in each of which the animals were reinforced with either 50, 
70, 100 or 150 wA stimulation currents. Of 21 sites tested as 
described above 7 proved to be reinforcing in that respond- 
ing was maintained by the self-stimulation. They were 
henceforth stimulated at the current that had yielded maxi- 
mal responding rates during the identification sessions. 

Daily self-stimulation sessions lasting 20 min were now 
given as the subjects were gradually brought to full weight 
and ad lib feeding over 10 to 15 days and then again down to 
80% to 75% weight over a similar period of time. The re- 
sponses per session, in percent of the maximum number of 
responses obtained in any of these sessions, was plotted 
against the percent weight at the time of sessions. A correla- 
tion between the body-weight and the response score was 
found in 5 of the 6 sites tested (double median test, x’, 
p<0.01). The correlograms corresponding to four sites are 
shown in Fig. 1, including the one site (302) that yielded no 
dependence. Sites 311 and 341 (not illustrated) produced de- 
pendences similar to those of loci 332 and 333. We note that 
site 354 may show an inverted U-shaped dependence with 
maximal responding at an intermediate level of deprivation. 
There is also some informal evidence that the deprivation 
dependence of this site, but not that of the other sites, may 
have progressively weakened though not disappeared during 
further experiments that took place in the two months 
following. 

A further twelve 20 min sessions were conducted with the 
sites 341 and 354 while the subjects remained deprived at 
80% weight. In 6 sessions the animals were tested after they 
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FIG. 1. Correlograms between self-stimulation response rates (in percent of maximum rate) and body-weight (in percent of normal weight) 
for four intracranial stimulation sites in the pigeon. Each point represents a 20 min session. 


had access to 20 g food immediately before the sessions, this 
bringing their weight to about 87% of normal. The 6 sessions 
were alternated with 6 control sessions without such pre- 
feeding. The results are shown in Table 1 which additionally 
shows the means of 8 similar sessions of 60 min duration. It 
is apparent the pre-sessions feeding, presumably leading to a 
short- term satiation, inhibited the self-stimulation behaviour 
in the brief sessions but that as the satiation dissipated in the 
extended sessions the inhibition disappeared. 

With the same sites (341, 354) we made some attempts at 
establishing whether the stimulation might inhibit food in- 
take, as one would expect under the hypothesis that their 
activation implicates the generation of satiation-like signals. 
The subjects deprived to 90% of their normal weight were 
given free access to food in 20 min sessions. In alternate 
sessions they were left undisturbed or brain-stimulated 
through the relevant sites with repeated 5 sec trains, 6 per 
min, at various current settings. We found that for site 341, 
40 wA and for site 354, 100 uA stimulation would indeed 


TABLE 1 


MEAN RESPONSES PER 20 MIN IN SIX 20 MIN (SHORT) SESSIONS 
AND FOUR 60 MIN (LONG) SESSIONS AFTER HAVING BEEN 
PREVIOUSLY FED OR NOT 





Electrode Sessions Not Fed Significance Pre-fed 





341 short 240 64 
long 478 401 
354 short 296 83 
long 351 338 





The difference for the short sessions are significant (Mann- 
Whitney test, p<0.01). 





BRAIN SELF-STIMULATION AND HUNGER 




















FIG. 2. Anatomical location of sites yielding self-stimulation in the pigeon, compiled from studies of our own and others (see text for details). 
The new sites of the present study are marked by larger circles and identified by their numbers. All sites have been plotted on the left side of 
the brain, irrespective of their actual location. The schematic transversal brain sections are derived from the Karten and Hodos atlas [5]. 


inhibit feeding reliably. However this was always associated 
with repeated head-shaking (341) or turning (354) that 
seemed to make feeding physically impossible. When cur- 
rents were reduced so that stimulation did not elicit these 
incompatible responses the feeding inhibition disappeared or 
was uncertain. We add here that, as in our previous study, 
we could not find any correlation between the reinforcing 
properties of a site and the behaviour elicited through it by 
non-contingent, experimenter-controlled stimulation. 

In a further test we assessed the effect of thirst upon the 
self-stimulation rate of 5 sites. Six 20 min sessions with the 
animals deprived of water for 36 hours alternated with six 
sessions with the animals fully satiated. Throughout this 


TABLE 2 


MEAN RESPONSES IN SIX 20 MIN SESSIONS ALTERNATELY 
UNDER 36 HRS WATER DEPRIVATION AND UNDEPRIVED 





Electrode Deprived Non-deprived 





302 186 
311 11 
332 : 51 
333 21 8 
354 504 444 





None of the differences are significant. 





66 


period the animals were fully fed. None of the sites showed a 
significant difference between the two conditions (Table 2, 
Mann-Whitney tests, p >0.05). The slight non-significant in- 
crease in response in the deprived condition could be easily 
due to the secondary hunger that is well known to be induced 
by water deprivation [10]. It may be mentioned here that a 
separate search for thirst dependent self-stimulation sites in 
the pigeon has hitherto proved unsuccessful, 16 sites, vari- 
ously located in the forebrain, having thus far been tested. 


DISCUSSION 


The present results confirm a frequent hunger depend- 
ence of self-stimulation in the pigeon although for some of 
the sites reported here it may have been less extreme than 
for those we studied earlier. We can not exclude that Zeigler 
et al.’s [15] discrepant results may have been due to differing 
locations of the stimulation sites. This however seems un- 
likely since some of his and our sites were quite similarly 
situated. It could also be that procedural differences are re- 
sponsible. In the previous report we considered whether our 
results might be due to the particular method of identification 
we used, which included food-rewarded shaping of the in- 
strumental response and initial self-stimulation under food 
deprivation. This could arguably have led to a kind of state- 
dependent conditioning. Since however Zeigler et a/. in most 
instances seem to have used a closely analogous procedure 
this hardly can explain the differing results. We believe that 
the hunger dependent self-stimulation is not a procedural 
artifact but a real and frequent phenomenon in the pigeon. 
Functionally it may be related to the fact that food is doubt- 
lessly the most pervasive reinforcer in the free-ranging pi- 
geon, but of course only when it is hungry. We may therefore 
expect to find a corresponding motivational gating phenom- 
enon at the neural level. This has been discussed in more 
detail in our previous study. 

The anatomical location of the present sites is shown in 
Fig. 2, along with a compilation of brain self-stimulation sites 
taken from [2], updated by including the positive loci re- 
ported in [3, 12, 15]. The new sites of this study fall well into 
place with the general distribution of the loci, sites 302 and 
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354 perhaps being slightly marginal. The overall pattern that 
emerges suggests a broad pathway that originates in the nu- 
cleus basalis and the neighbouring area, courses caudally 
along the tractus fronto-archistriaticus, swings medially at 
about the frontal level A 10 into the paleostriatum and over- 
lying ectostriatum, spreads into the medial neostriatum 
intermedium more posteriorly and funnels through the 
paleostriatum primitivum into the lateral forebrain bundle 
and more specifically, through the ansa lenticularis. 

This distribution pattern can be partially related to known 
connections of the avian paleostriatal complex [1,6] and the 
nucleus basalis system [14]. The link-up between the two 
networks however is uncertain. We should note that, apart 
from those sites that are obviously associated with basalis 
system structures, sites along the ansa lenticularis could be 
effective through the tractus quinto-frontalis that runs close 
to it through the diencephalon. The involvement of the nu- 
cleus basalis system is of particular interest in the present 
context because it has been implicated in the control of feeding 
([14], but see [9]). A homologization of the substrates with 
the mammalian self-stimulation system still seems fraught 
with difficulties and will not be attempted here except by 
remarking that the paleostriatal complex appears to be 
homologous to the basal ganglia but that the nucleus basalis 
system does not seem to have an obvious mammalian 
equivalent [1,14]. We note that the septum of birds, quite 
differently from the septum in mammals [13] does not seem 
to support self-stimulation. 

In conjunction with the much mooted association be- 
tween catecholaminergic systems and self-stimulation in 
mammals [13] we note that the paleostriatum augmentatum 
is rich in dopamine [6,8]. The nucleus basalis and tractus 
fronto-archistriaticus also appears to contain dopamine [11]. 
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SCHUMACHER, S. K. AND H. MOLTZ. The maternal pheromone of the rat as an innate stimulus for pre-weanling 
young. PHYSIOL. BEHAV. 28(1) 67-71, 1982.—We undertook to determine whether previous exposure in the 
nest is necessary to establish the attractiveness of the maternal pheromone or whether that attractiveness is innately based 
In Experiment | we showed that the pheromone is a prepotent stimulus insofar as it is approached in preference to a 
different but equally familiar odor. Experiment 2 demonstrated that when pups are denied previous exposure to the 
pheromone they nonetheless approach the pheromone preferentially in a choice test involving a pheromone-emitting and a 
non-pheromone-emitting female. And finally, in Experiment 3, we again used pups that had been isolated from the 
pheromone. Here, however, the choice was between a pheromone-emitting female and a female which, while non- 
pheromone-emitting, carried a thoroughly familiar nest odor. The pups decisively chose the pheromone-emitting female 
We conclude that pheromonal attractiveness is innately based and suggest that the pheromone itself may have been 


selected as a signal during the course of evolution. 
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MAMMALIAN pheromones are thought to serve either a 
‘signalling’ or a “‘priming”’ function, the former releasing a 
particular behavior, the latter eliciting a specific neuroen- 
docrine change [2]. The maternal pheromone of the rat 
clearly serves a signalling function: it induces pre-weanling 
young to approach the feces of maternally-behaving females. 

The pheromone to which we refer first appears 14 days 
after the start of the maternal episode and disappears at ap- 
proximately 27 days [7, 8, 13]. During that time, pups not 
only approach but actively consume the fecal excrement to 
which they are attracted. 

One question that arises concerns the nature of the 
pheromone itself. In an attempt to characterize the pheromone, 
at least in general molecular terms, Moltz and Lee [14] and 
Kilpatrick, Bolt and Moltz [5] described a sequence of 
events in the maternally-behaving female that begins with a 
heightening of prolactin in the blood, followed by an increase 
in the uptake of the hormone at the liver, leading in turn to an 
elevation of cholic acid in bile and then to the transformation 
of this steroid by selected bacteria in the cecum. As pictured, 
the final result is a unique product, an as yet unidentified 
non-steroidal derivative of cholic acid present in the feces. 

A second problem posed by the pheromone relates to the 
question of why the young respond to it at all. If at 14 days, 
for example, they are first removed from the nest and then 
presented simultaneously with pheromone- and non- 
pheromone-containing feces, they overwhelmingly choose 
the former. No explicit training is necessary. But of course 
pre-weanling young are routinely exposed to the pheromone 
in the nest so that in a choice situation outside the nest all 
they may be doing is approaching a familiar odor. On the 
other hand, it is possible that the pheromone has a valence 
that is largely fixed in the genome. Indeed, the likelihood 
that two adaptive benefits accrue to the young in approach- 
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ing the pheromone and consuming maternal feces makes it 
reasonable to suggest that the pheromone may have been 
selected as a signal during the course of evolution. The two 
putative benefits to which we refer relate, respectively, to 
the gut and the development of enteric immunocompetence 
and to the brain and the formation of myelin [14]. However, 
the purpose of the present series of experiments was not to 
determine whether approach to pheromone-containing feces 
actually advantages the young; Moltz and Lee [14] recently 
discussed the evidence for this at some length. Rather, the 
purpose was to determine the basis of pheromonal respon- 
siveness, that is, whether pups in a choice situation approach 
the pheromone because it is a familiar odor, one previously 
encountered in the nest? Or whether they approach the 
pheromone because it is innately attractive? 


GENERAL METHOD 

In the following experiments, female Wistar rats or their 
pups were used. Each female was mated when between 90 
and 110 days of age. Two days after parturition, all litters 
were reduced to six in number, 3 males and 3 females. (The 
day of birth was designated as Day 0.) Testing for the 
pheromone was carried out in an olfactory discrimination 
apparatus described previously by Leon and Moltz [12]. 
Briefly, this apparatus was designed to permit approach 
across an open field from a start box to either of two goal 
boxes, each faced with opaque Plexiglas. From a single 
overhead valve, filtered air was forced through the goal 
compartments across the open field to the start box. On 
every trial, one of the compartments contained an Experi- 
mental female, and the other, except when noted, a nullipar- 
ous female of matching age. A pup was able to express a 
preference by descending a narrow cliff-opening leading to 
the individual compartments. In the event that it failed to 
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express a preference, it was simply counted as having “‘not 
responded.’’ We recognized in other words three categories 
of pup behavior: (a) to the Experimental female; (b) to the 
female placed in apposition to the Experimental female, and 
(c) failure to choose. 

Testing consisted first of isolating both the Experimental 
female and her nulliparous counterpart for a period of 3 hr. A 
single pup, deprived of maternal attention for the same 
period of time, was placed in the start box and allowed 10 
min to make a choice. After the pup registered a choice, or 
after 10 min had elapsed, it was removed from the apparatus 
and the absorbent paper covering the open field and the start 
box was replaced. When each of the three pups had been run 
the goal-box positions of the stimulus animals were reversed. 

The pups themselves were 16-21 days old, selected be- 
cause it is known that pups of this age respond strongly to 
the pheromone [8, 10, 13]. It should be emphasized that 
every pup was run only once and in no case had a test pup 
been in association with a stimulus animal. 


EXPERIMENT |: CHOICE OF THE PHEROMONE 
AGAINST A DIFFERENT BUT EQUALLY FAMILIAR 
NEST ODOR 


It is unlikely that the pheromone is the only odor present 
in the nest. Indeed, there are probably a variety of olfactory 
stimuli to which the young are exposed coincident with the 
pheromone. However, since it appears that two important 
adaptive advantages accrue from responding to the 
pheromone and consuming maternal feces, it would seem 
reasonable to expect that the pheromone would be ap- 
proached preferentially, selected, that is, over other nest 
odors. Unfortunately we cannot identify these other odors. 
What we can do, however, is to introduce an odor artificial 
to the nest and make it as familiar as the pheromone itself. 
Thereafter we could determine whether the pheromone is 
still preferred in a simultaneous choice test. 


METHOD 


Exactly 30 females were mated and then randomly paired. 
Three days before parturition each pair was transferred to a 
large metal cage measuring 22 in. x 20 in. and allowed to give 
birth routinely. The paired litters were then reduced to 12 in 
number. 

As is characteristic of lactating rats when housed com- 
munally, the females of virtually every pair maintained a 
single nest, most often caring for the young in tandem. How- 
ever, beginning on Day 8 postpartum the cage was divided in 
half by a wire mesh screen that allowd the free passage of air. 
Into each half, a mother was placed together with six young 
drawn from the combined litter. Every two days, the 
mothers of each pair were made to exchange litters in order 
to give each pup equal within-nest exposure to each mother. 
Beginning on Day 8, the day the mothers were separated, 
one mother of each pair was placed on a special diet (Teklad 
TD80246 Madison, WI). This diet contained sucrose as the 
only available carbohydrate. Such a sucrose-centered diet 
has been shown to suppress release of the pheromone [8], 
probably because it reduces the biliary output of cholic acid 
[15]. On Day 13, the sucrose diet of each Experimental 
mother was then supplemented with cold-pressed lemon oil 
(1.5 ml/60 g food). This imparted a distinctive lemon odor to 
the feces. The Control mothers of each pair were fed a 
standard laboratory diet (Teklad, 4% fat) and of course were 
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not given lemon oil. Obviously, the Control mothers were 
expected to emit the pheromone. 

Testing was undertaken on Day 22 of lactation and was 
designed primarily to answer two questions. First, did 
within-nest exposure to the odor of lemon serve to establish 
that odor as familiar? And second, would the pheromone, to 
which the young had been given equal exposure, be ap- 
proached preferentially? 

To determine whether lemon was established as a familiar 
odor through the expedient of feeding lemon oil to our Ex- 
perimental mothers, we took pups that were reared under the 
paired maternal conditions described above and tested them 
individually in our olfactory discrimination apparatus. In one 
compartment we placed an Experimental female and in the 
other a nulliparous female of comparable age drawn from our 
colony. 

In the attempt to answer the second question, namely, 
whether the pheromone would be selected over an equally 
familiar non-pheromonal odor, we again drew pups (N=58) 
from the pool of pups that were pair-reared and tested them 
in our olfactory apparatus. In this test, however, one of the 
compartments of the apparatus contained an Experimental 
mother, the other a Control mother, that is a mother ex- 
pected to emit the pheromone. 

In addition, two ancillary tests were carried out. The first 
was designed to answer the question of whether any prefer- 
ential approach to the lemon-odor that our pair-reared pups 
might show was in fact due to previous exposure to that odor 
in the nest. This was deemed necessary since it is at least 
conceivable that rat young might respond to lemon even 
when never before exposed to it. Accordingly, we drew at 
random from our breeding colony young between 16 and 21 
days of age (N=90) and tested each against an Experimental 
and a nulliparous female. 

The second ancillary test was designed to determine 
whether our Control females were in fact emitting the 
pheromone. Here we were concerned with the possibility 
that emission of the attractant might somehow have been 
suppressed in Control mothers as a result of their paired 
association with Experimental mothers. Again we drew at 
random from our breeding colony young between the ages of 
16 and 21 days (N=92) and tested each against a Control and 
a nulliparous female. 


RESULTS 


There was no doubt that exposure to the lemon odor in 
the nest subsequently promoted approach to that odor out- 
side the nest. Specifically, 71% of the pair-reared young 
chose an Experimental mother (sucrose+lemon oil) when 
that mother was apposed to a nulliparous female, x?=9.93, 
p=<0.01. That the lemon odor was not approached in the 
absence of previous exposure was also unequivocal. When 
randomly selected colony young were given the same 
choice, only 28% approached the Experimental female; the 
remaining pups either did not respond or approached the 
nulliparous female. 

That our Control mothers were emitting the pheromone 
was evidenced by the fact that young drawn randomly from 
our colony chose such mothers over nulliparous females, 
x’?=8.70, p<0.01. When next we placed Control mothers in 
apposition to Experimental mothers (in other words the 
pheromone in apposition to the lemon odor) and permitted 
pair-reared pups to register a preference, they selected the 
pheromone-emitting Control mother overwhelmingly, 
x*?=9.93, p<0.01. 
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DISCUSSION 


The present experiment showed that when pre-weanling 
young are given equal exposure to the pheromone and to a 
non-pheromonal odor, they subsequently select the 
pheromone. The pheromone, in other words, proved to be a 
prepotent attractant. 

Of course it could be argued that had we matched the 
pheromone not against an initially indifferent odor made 
familiar, but against an indigenous odor naturally attractive, 
that the demonstrated preference for the pheromone might 
not have occurred—the pups may have responded randomly. 
There is no doubt that the use of such an *‘indigenous odor’”’ 
would have been preferable to lemon in the present experi- 
ment. But since we do not know just which odors are indig- 
enous to the nest (other than the pheromone of course) we 
had to make a choice, preferably of an odor that would be 
carried in maternal feces. Since lemon oil can be added 
readily to the diet of the mother without producing any evi- 
dent food aversion, we selected lemon as our artificial attrac- 
tant. And indeed we succeeded in establishing lemon as a 
familiar odor, one to which the young responded strongly. 
That the young nonetheless preferred pheromone over 
lemon is the point of the present experiment. 


EXPERIMENT 2: RESPONSE TO THE PHEROMONE IN 
THE ABSENCE OF PHEROMONAL PRE-EXPOSURE 


Here we raised the question of whether young denied 
exposure to the pheromone while in the nest would nonethe- 
less select the pheromone in a subsequent choice test. If they 
did not, then it would be difficult to conceive of the 
pheromone as innately attractive. 


METHOD 


The animals used in the present study consisted of 
females that were mated and allowed to give birth routinely. 
Shortly before parturition three groups were formed. The 
females of the Control group (N=20) reared their litters 
under standard laboratory conditions, that is in a communal 
colony room with ordinary food and water available. Such 
females were expected to emit the pheromone and their 
young, of course, to experience the pheromone. In contrast, 
the females of the remaining two groups reared their litters in 
a separate room of the laboratory and, through manipulation 
of either their food or water, were prevented from emitting 
the pheromone. Accordingly, their young were completely 
isolated from the attractant prior to testing, having been ex- 
posed to it neither from adjacent cages nor from their own 
mothers. 

Beginning on Day 8 of lactation, the females of 
Experimental-Group S (N=8) were fed the sucrose-centered 
diet used in Experiment 1. This diet, it will be recalled, 
blocks pheromonal emission. In parallel, the females of 
Experimental-Group A (N=10) had standard laboratory 
chow available but had 0.05 cc of acetic acid added to every 
500 ml of their drinking water beginning on Day 13 of lacta- 
tion, a full day before the expected onset of the pheromone 
(Schumacher and Moltz, unpublished data). Lee and Moltz 
[6] showed that acetic acid, presumably by suppressing the 
growth of those bacteria necessary for the metabolic con- 
version of cholic acid, effectively prevents release of the 
pheromone. 

On Day 16, the pups of each group of Experimental 
mothers were tested to see if they would respond to the 


pheromone. Placed individually in our olfactory discrimina- 
tion apparatus, they were required to choose between a 
pheromone-emitting Control mother and a non-pheromone- 
emitting nulliparous female of comparable age. We also de- 
termined whether the females of Experimental-Group S and 
those of Experimental-Group A had in fact been prevented 
from emitting the pheromone. Here we took the young of 
Control mothers and in each test allowed them to choose 
between a Group S or a Group A female on the one hand and 
a non-pheromone-emitting nulliparous female on the other. 
We expected, of course, neither Group S nor Group A to 
have the pheromone, and so for pup-selection to be random. 


RESULTS AND DISCUSSION 


Even when reared by non-pheromone-emitting fe- 
males—whether of Group S or Group A—the pups prefer- 
entially selected pheromone-emitting Control females over 
non-pheromone-emitting nulliparous females. Specifically, 
72% of the young reared by mothers of Experimental-Group 
S responded to the pheromone, x?=8.40, p<0.01, as did 65% 
of those reared by mothers of Experimental-Group A, 
x?=5.59, p<0.05. As expected, pups reared by Control 
mothers did not respond significantly to the mothers of 
Experimental-Group A (49%), nor to the mothers of 
Experimental-Group S (29%), indicating that acetic acid and 
sucrose, respectively, had indeed blocked pheromonal 
emission. 

It should be pointed out that Leon [9] also fed mothers a 
sucrose-centered diet virtually identical to the one used in 
the present experiment. Moreover, his mothers, like ours, 
were separated from the colony. But whereas we introduced 
the diet on Day 8 of lactation and found that the young 
subsequently responded to the pheromone, Leon (for un- 
specified reasons) introduced the diet on Day 14 of gestation 
and found that the young did not respond to the pheromone. 
Since in both instances sucrose ingestion was begun prior to 
the time of pheromonal emission, the effect on pup respon- 
siveness should have been the same. We replicated Leon’s 
procedure by feeding sucrose to mothers beginning 2 wk 
after they had been impregnated. The pups of such mothers 
strongly responded to the pheromone in a choice test that 
involved a pheromone-emitting female and a nulliparous 
female, y?=5.90, p<0.05. We cannot explain Leon’s failure 
to find the same positive results. 

The data leave no doubt that when young are kept from all 
previous contact with the pheromone, they still respond 
strongly upon initial exposure. In other words, whatever 
makes the pheromone attractive, it evidently is not nest- 
derived familiarity. 


EXPERIMENT 3: CHOICE OF THE PHEROMONE AS 
AN UNFAMILIAR ODOR AGAINST A FAMILIAR 
ODOR 


We have already demonstrated that pups respond to the 
odor of a pheromone-emitting female over that of a nullipar- 
ous female even when denied previous exposure to the 
pheromone. Moreover, they choose the pheromone over an 
equally familiar nest odor, indicating that the pheromone is a 
prepotent attractant. But if, as we suggested, the pheromone 
has a valence that is innately derived, then we would expect 
it to be selected preferentially under even more stringent test 
conditions than those employed in Experiments | and 2. 
That is, we would expect the pheromone, when unfamiliar as 
a nest odor, to be chosen over a familiar nest odor. 





METHOD 


Once again we constituted a group of pregnant females 
(N=11) that we housed in a room of the laboratory free of 
other females. Beginning on Day 13 of lactation these Exper- 
imental females, like those in Experiment 2, had acetic acid 
added to their drinking water to prevent the onset of phero- 
monal emission. At the same time they had lemon oil added 
to their food (Teklad, 4% fat) after the manner described in 
Experiment |. Thus their pups were exposed to the lemon 
odor while denied exposure to the pheromone. In contrast, 
Control females (N=11) were housed in a communal room of 
the laboratory and were given neither acetic acid in their 
water nor lemon oil in their food. Obviously, they were ex- 
pected to emit the pheromone. 

Testing was carried out on Day 16 of lactation and was 
designed to determine whether the pups of our Experimental 
mothers, pups denied exposure to the pheromone but given 
exposure to lemon, would select the odor of the pheromone 
over that of lemon in a simultaneous choice test. Placed in 
our olfactory discrimination apparatus, each such pup was 
required to choose between an Experimental and a Control 
mother. 

Once again we determined whether the measure adopted 
to suppress pheromonal emission in our Experimental 
mothers (in this case the addition of acetic acid to the drink- 
ing water) actually did so. To this end we took our Experi- 
mental mothers and paired each with a nulliparous female. 
Pups previously exposed to the pheromone, that is the pups 
of our Control mothers, were then given the opportunity to 
register a choice. 


RESULTS 


The data left no doubt that even when the pheromone is 
unfamiliar to the young they select it over a familiar odor. 
This can be seen in the fact the 73% of the pups reared by 
Experimental mothers (acetic acid and lemon oil) responded 
to the pheromone rather than to the lemon odor, that is, 
chose a Control mother as against an Experimental mother, 

2= 12.64, p<0.01. 

Once again it was clear that these young had not been 
exposed to the attractant prior to testing, that acetic acid in 
fact had suppressed pheromonal emission. Specifically, the 
results indicated that only 38% of the pups reared by 
Control mothers responded to the Experimental mothers 
while the remainder of such pups selected either the nul- 
liparous female or failed to register a choice. 


DISCUSSION 


Despite the fact that young reared by Experimental 
mothers were familiar with the odor of lemon but not with 
that of the pheromone they nonetheless selected the 
pheromone in a simultaneous choice test. Although previous 


exposure in the nest may enhance approach to the 
pheromone, perhaps by reducing response latency, such ex- 
posure is not necessary to establish the attractiveness of the 
pheromone. We think that what is necessary is carried in the 
genome. 

But if this is the case, if the pheromone has a valence that 
is innately based, then why did fewer than 100% of our young 
respond to the pheromone in each of the test situations we 
employed? We thought the answer might involve genetic var- 
iation in the population. Accordingly, we took the data of 
Experiments 2 and 3 and assigned a score of | to every pup 
that had responded to the pheromone and a score of 0 to 
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every pup that had failed to respond or had responded to a 
non-pheromone-emitting stimulus female. We then com- 
pared between-litter variance to within-litter variance. The 
resulting F-ratio was close to unity (F=1.02), indicating that 
genetic variation is not responsible for the observed re- 
sponse variation. Just what is responsible is difficult to 
specify. Perhaps there are differences in olfactory sensitivity 
among the young so that some simply do not detect the 
pheromone at the concentration presented in our discrimi- 
nation apparatus. If this proved to be the case, then perhaps 
refining our method of pheromone delivery would bring the 
incidence of responding to 100%. 


GENERAL DISCUSSION 


In a chapter devoted to a critical examination of 
‘*pheromone”’ as a scientific concept, Beauchamp, ef al. [2] 
maintained that the conditions the entomologist imposes in 
determining whether an odorant is a pheromone “*. . . have 
not been met in any mammalian species.”’ Since the term 
was borrowed initially from entomology, Beauchamp et al. 
[2] urged that it be abandoned in reference to mammals un- 
less certain criteria can be satisfied. Of the four criteria these 
authors list, perhaps two most central to the entomological 
use of the term are: ‘‘clear functional significance’’ and a 
‘‘large degree of genetic programming which is influenced 
minimally by experience.”’ 

The specific volatile component in maternal feces, the 
component we have been calling the ‘“‘pheromone,’’ would 
seem to qualify as having ‘‘clear functional significance’’— 
not only does it induce approach but, as already mentioned, 
may well affect both the gut and the brain of the pup [14]. 

What we have been calling the pheromone appears also to 
satisfy the second criterion, that relating to the idea of ge- 
netic programming. In Experiment | the question raised was 
whether the young, after being exposed to the pheromone in 
the nest, would subsequently approach the pheromone in 
preference to a different but equally familiar odor. The data 
left no doubt that they do. Experiment 2 showed that when 
pups are denied previous exposure to the pheromone they 
nonetheless approach the pheromone preferentially in a 
choice test involving a pheromone-emitting and a non- 
pheromone-emitting female. Finally, in Experiment 3, we 
again used pups that had been isolated from the pheromone. 
When subsequently presented with both the pheromone and 
a thoroughly familiar odor, they too decisively chose the 
pheromone. 

That approach to the pheromone did not require pre- 
exposure, that it was selected preferentially under the exper- 
imental conditons we employed, suggests that pheromonal 
attractiveness is innately based. Perhaps, as appears likely in 
the case of many species-typic odorants, the pheromone of 
the rat was selected as a signal during the course of evolu- 
tion. 

There are, however, two studies in the literature, one by 
Leon [9] and the other by Leon, Galef and Behse [11], that 
deal with the maternal pheromone and deny explicitly that its 
attractiveness is genetically derived. To quote from one of 
these studies: ‘“‘Clearly, the pheromone is not an innate 
species-typic releaser, but the approach behavior appears to 
be an individually learned response on the part of the pups to 
the specific odor of the mother **([9], p. 317). This conclu- 
sion was drawn largely from data showing that, in a choice 
test, pre-weanling young select odors to which they have 
already been exposed. However, no attempt was made to 
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determine whether the pheromone would be chosen over an 
equally familiar odor, nor indeed whether the pheromone, 
when unfamiliar, would be approached in preference to a 
familiar odor. Rather, the reasoning implicitly adopted the 
following syllogism: rat young approach familiar odors, the 
pheromone is a familiar odor, therefore rat young appraoch 
the pheromone. The possibility that the pheromone, while of 
course typically familiar, may nonetheless be innately at- 
tractive was dismissed. The present experiments suggest 
that this dismissal was premature. 

But if the pheromone is innately attractive, then why do 
rits respond to it only between 14 and 27 days of age? Why 
not throughout life? We think the answer is that during the 
14-to-27 day period of development the young are subject to 
a unique physiological demand and that only when this de- 
mand is present is the pheromone approached. What we 
have reference to here is the demand for long-chain fatty 
acids (C 18 to C 28) necessary for brain myelination [16]. 

It is well known that C18 to C 28 fatty acids predominate 
in the lipid fraction of myelin, and to gain entry into the 
blood and reach the brain they must first be emulsified and 
then solubilized by bile acids in the gut [4]. We know also 
that the rat pup lacks the bile-acid complement of the adult; 
in fact it is not until 30 days of age that it approximates a 
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mature bile profile [1]. However, between 15 and 30 days the 
pup forms most of its myelin [3], probably demanding in this 
unique stage of development a higher concentration of bile 
acids than it can produce endogenously. We are suggesting, 
following the hypothesis of Moltz and Lee [14], that the pup 
supplements its immature bile-acid supply by approaching 
the pheromone and ingesting maternal feces which, for rea- 
sons already mentioned, are conceived to be rich in several 
cholic-acid metabolities. 

We picture, then, the period of pheromonal responsive- 
ness as being dominated by a non-recurring physiological 
demand for long-chain triglycerides at the brain. When the 
demand is present, the pup approaches the pheromone and 
consumes maternal feces. When the demand is subsequently 
met, when by approximately 30 days a near-adult level of 
myelin has been deposited, pheromonal responsiveness 
ceases. In brief, it is not the valence of the pheromone that 
changes during ontogeny, but in our view the demand state 
that promotes approach to the pheromone. 
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PEARLMAN, C. A. Negative transfer abolished by REM sleep deprivation in rats. PHYSIOL. BEHAV. 28(1) 73-75, 
1982.—Brief deprivation of REM sleep (REMD) immediately following inhibitory avoidance training abolished negative 
transfer in an active avoidance situation without impairing retention of the inhibitory avoidance response. REMD beginning 
3 hr after inhibitory training had no effect. A reminder treatment (brief placement in the apparatus) between 30 min and 24 
hr before active avoidance training counteracted the REMD impairment of negative transfer. The reminder treatment was 


not impaired by subsequent REMD. 
Negative transfer REM deprivation 


Animal learning 





RECENT research has shown that retention of some forms 
of learning in rats is impaired by deprivation of REM sleep 
(REMD) during the first few hours after training [7]. Impair- 
ment by REMD was related to task complexity, analogous to 
Seligman’s [9] distinction between prepared (quickly ac- 
quired) and unprepared (more slowly acquired) learning. For 
example, retention of (quickly acquired) one-way avoidance, 
position habits and taste aversion was not impaired by post- 
training REMD whereas retention of (more slowly mastered) 
two-way avoidance, difficult discriminations, serial reversals 
and reward schedule shifts was impaired. 

The present study further explored the nature of the 
REMD effect with an avoidance reversal paradigm exten- 
sively investigated by Spear [10,11]. Rats trained to inhibit 
entry into one chamber of a two-chamber box and subse- 
quently trained to actively avoid the previously safe 
chamber, show negative transfer under certain conditions 
(slower learning of active avoidance compared to animals 
without the prior inhibitory avoidance training). In the first 
experiment, brief mechanical and drug-induced REMD were 
administered immediately after the inhibitory avoidance 
training session to study the effect of REMD on negative 
transfer. To control for non-specific effects of the drug 
REMD procedure, REMD was administered to some 
animals three hours after inhibitory avoidance response, and 
the duration of the effect of REMD on negative transfer was 
also studied. 


EXPERIMENT | 


METHOD 


Subjects and Apparatus 


Eighty female, Long-Evans rats were subjects. They 
were obtained from Charles River Laboratory at about 60 
days of age and were caged in groups of four with ad lib food 


and water on a 12-hr light/dark cycle. Training began when 
the animals were about 90 days old. 

The apparatus was a BRS/LVE shuttlebox. A Plexiglas 
sheet divided the box into two compartments (23x10 cm). 
This sheet contained a doorway (9X6 cm) to allow passage. 
One chamber had white cardboard pasted to its walls while 
the other compartment contained black cardboard. 


Procedure 

All animals received inhibitory avoidance training. Each 
animal was placed in the white compartment, which con- 
tained a 2-Hz flashing light on its rear wall. The black com- 
partment was electrified with 1.6 mA. Within ten seconds, 
each animal entered the black compartment and received a 3 
sec shock during which no animal returned to the white side. 
It was then removed from the box and was replaced on the 
white side a minute later. Most animals remained on the 
white side for 60 sec (the criterion of learning). A few did not 
reach the 60 sec criterion until their third trial. The animals 
were divided into eight groups of ten with those receiving 
two shocks distributed so that no group contained more than 
one. 

Groups 1, 2, and 7 were then injected IP with saline. 
Groups 3, 4, and 8 received IP imipramine (5 mg/kg), which 
produces REMD for about 3 hr without significantly altering 
other sleep stages [8]. Group 5 was given REMD for 3 hr by 
observation. If an animal showed signs of dozing, its cage 
was shaken lightly. Group 6 was returned to its home cages 
and received imipramine (5 mg/kg) 3 hr after training. 

On the following day, groups | (saline), 3 (immediate im- 
ipramine), 5 (mechanical awakening) and 6 (delayed imip- 
ramine) received active avoidance training. Each animal was 
placed in the white compartment and the grid floor was elec- 
trified with 1.6 mA 5 sec later. The shock remained on until 
the animal escaped to the black side. Animals were then 
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TABLE 1 





Group Treatment Results 





I. Mean trials to criterion on active avoidance training. 
Ranges in parentheses. 


10.2 (3-20) 
11.5 (6-20) 
4.7 (1-10) 
5.2 (1-9) 
5.6 (1-9) 
11.1 (4-19) 


l Saline 

2 Saline, 7-day rest 

3 Immediate imipramine 

4 Immediate imipramine, 7-day rest 
5 Mechanical REMD 

6 Delayed imipramine 

II. Performance on inhibitory avoidance retention testing. 
7 57 sec (30-60) 
56 sec (20-60) 


Saline 
8 Immediate imipramine 





removed and replaced on the white side | min later. Training 
continued until the animal avoided the shock on 5 consecu- 
tive trials. If the first trial of this criterion was not achieved 
within 20 trials, the animal received a score of 20. 

Groups 7 (saline) and 8 (immediate imipramine) were 
tested for retention of the inhibitory avoidance response. 
The animals were placed in the white compartment and the 
time (up to 60 sec) before entering the black compartment 
was recorded. 

Groups 2 (saline) and 4 (immediate imipramine) rested for 
seven days after the inhibitory training and then received 
active avoidance training. 


RESULTS 


Results are shown in Table 1. It is apparent that im- 
mediate drug and mechanical REMD abolished the negative 
transfer effect of inhibitory avoidance training whereas de- 
layed REMD had no effect. This abolition of transfer was 
still apparent when active avoidance training was delayed for 
seven days. REMD did not affect retention of the inhibitory 
avoidance response. 

A Kruskal-Wallis ANOVA of Groups 1-6 was significant 
(p<0.001). Individual U-test comparisons showed that 
Group | (saline) differed significantly from Group 3 (im- 
mediate imipramine) and Group 5 (mechanical awakening) 
(p <0.05) but Groups 3 and 5 did not differ significantly from 
each other. Group 2 (saline, delayed active avoidance train- 
ing) differed significantly from Group 4 (imipramine, delayed 
active training) (p><0.025) but Group 2 did not differ signifi- 
cantly from Group | and Group 4 did not differ significantly 
from Groups 3 and 5. Group 6 (delayed imipramine) did not 
differ significantly from Groups | and 2. Group 7 (saline, 
inhibitory retention) did not differ significantly from Group 8 
(imipramine, inhibitory retention). 


DISCUSSION 


Negative transfer in this avoidance reversal paradigm ap- 
parently requires post-training REM sleep. Experiments in- 
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volving REMD have often raised questions about whether 
REMD was the critical variable in retention impairment [7]. 
The delayed REMD control group ruled out a non-specific 
drug effect; the mechanical awakening group indicated that 
REMD was sufficient; and the delayed active training groups 
ruled out effects of REMD on performance. Thus, since 
REMD is the only significant effect of imipramine on sleep 
during the critical period, factors besides REMD seem un- 
important in this situation. 

The failure of REMD to impair retention of inhibitory 
avoidance confirmed previous reports [3,8]. This finding 
suggested that REMD impairment of negative transfer in- 
volved some generalization from the inhibitory avoidance 
training which normally mediates negative transfer. 

Another question is whether the disturbance involved 
consolidation or retrieval mechanisms or both [11]. The 
difference between immediate and delayed REMD suggested 
consolidation interference. The results with delayed active 
avoidance training further indicated the unlikelihood of 
spontaneous recovery of the negative transfer effect. Never- 
theless, the possibility of retroactive state dependence of the 
imipramine impairment or the possible effect of reminder 
treatments remained to be studied in the following experi- 
ment. 


EXPERIMENT 2 


State dependence of several drug effects has become 
fairly familiar [6]. Chute [1] reviewed the evidence of ret- 
roactive state dependence. Post-training injection of pen- 
tobarbital impaired retention in some situations but a second 
injection of pentobarbital before retention resting abolished 
the impairment. A similar design was used with imipramine 
in the present experiment. 

Several studies have also shown that retention of one-way 
avoidance, which was apparently impaired by electrocon- 
vulsive shock (ECS), can be reinstated by various “‘re- 
minder’’ treatments, such as brief placement in the appara- 
tus prior to retention testing [11]. In a pilot study, we found 
evidence that placement in the apparatus for | min before 
active avoidance training counteracted the impairment of 
negative transfer by REMD. The present experiment re- 
peated this work and studied the time course of the reminder 
effect by administering the reminder treatment up to 24 hr 
before active avoidance training. Other animals received im- 
ipramine following the reminder treatment to determine its 
sensitivity to REMD. 


METHOD 
Subjects and Apparatus 


Subjects were 100 female, Long-Evans hooded rats, ob- 
tained and maintained as in the previous experiment. The 
apparatus was also the same. 


Procedure 


All animals were given inhibitory avoidance training and 
divided into 10 groups as in Experiment 1. Group | was then 
given IP saline and the remaining groups were given IP imip- 
ramine (5 mg/kg). On the following day, Group 3 was given a 
second injection of imipramine (5 mg/kg) and Group 4 was 
placed in the white chamber for 1 min. Thirty min later, 
Groups I-4 were given active avoidance training as in Exper- 
iment |. Groups 5—10 were placed in the white chamber for | 
min and Groups 6, 8, and 10 received IP imipramine (5 





REM DEPRIVATION AND NEGATIVE TRANSFER 


TABLE 2 
MEAN TRIALS TO CRITERION ON ACTIVE AVOIDANCE TRAINING 





Group Treatment Results 





10.4 (3-20) 
4.6 (1-10) 
5.2 (1-11) 
7.0 (3-14) 
10.6 (5-20) 
12.1 (6-20) 
11.7 (7-19) 
11.1 (4-20) 
11.9 (S—20) 
12.4 (6-20) 


Saline, like Experiment 1 
Imipramine, like Experiment | 
pre-training imipramine 

30 min reminder 

4 hr reminder and saline 

4 hr reminder and imipramine 
8 hr reminder and saline 

8 hr reminder and imipramine 
24 hr reminder and saline 

24 hr reminder and imipramine 


Oommen AYN &h WD — 


~ 
oO 





Ranges in parentheses. 


mg/kg). Active avoidance training was given 4 hr later to 
Groups 5 and 6, 8 hr later to Groups 7 and 8 and 24 hr later to 
Groups 9 and 10. 


RESULTS 


The results are shown in Table 2. Groups | and 2 rep- 
licated the findings of Experiment 1. Group 3 did not differ 
from Group 2, which indicated no retroactive state depend- 
ence of the imipramine effect. Group 4 (reminder 30 min 
before active avoidance) showed equivocal evidence of a 
reminder effect but clear restoration of negative transfer was 


apparent in Groups S—10 (reminder 4-24 hr before active 


avoidance). Imipramine had no effect upon the reminder 
treatment. 

A Kruskal-Wallis ANOVA on the ten groups was signifi- 
cant (p<0.001). Individual U-test comparisons showed no 
significant difference between Groups 2 and 3. Similarly, 
Groups 5-10 did not differ significantly from one another or 
from Group |. Each of these groups differed from Group 2 
(no reminder treatment) (p<0.01). Group 4 differed from 
Group 2 (p<0.05) and also did not differ significantly from 
Group 1. 


GENERAL DISCUSSION 


This study provided the first clear evidence of REMD 
effects on retrieval processes in rats. Most previous studies 
showing retention impairment by post-training REMD in rats 
[7] involved several days of daily training so that reminder 
effects were unlikely in those complex situations. 

In the present, relatively simple situation, REMD im- 
pairment of generalization following inhibitory avoidance 
training might result in evenly balanced tendencies towards 
active escape and inhibitory freezing. Additional experience 
(reminder treatment) might then decisively shift the balance 
towards inhibition (restoration of negative transfer). The ap- 
parent invulnerability of the reminder treatment to REMD 
was interesting in view of frequent reports that ECS follow- 
ing reminder treatments impaired both the reminder effect 
and the original learning [4,11]. 

Debate continues about whether learning deficits result 
primarily from consolidation or retrieval disruption [2,5]. 
Present evidence suggests permanent inaccessibility of much 
information impaired by REMD but further research will be 
necessary to clarify the role of reminder treatments. 
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BALDWIN, B. A. AND R. F. PARROTT. Self-stimulation in the sheep: Interactions with ingestive behaviour and light 
cycle. PHYSIOL. BEHAV. 28(1) 77-81, 1982.—Self-stimulation was obtained in 5 adult male sheep using a movable 
electrode system. The effects on response rate of increases in current, food deprivation and satiation were determined. 
Interactions between feeding, drinking and self-stimulation over longer periods (5 days) were studied in experiments in 
which individual sheep lived in an isolated continuously illuminated pen. Experimental conditions were as follows:—(1) 
Food + water available on operant (FR 30); (2) Operant food and water + self-stimulation; (3) Bow! feeding, ad lib water + 
self-stimulation; (4) As for condition‘3’ but with 12:12 light/dark cycle. Finally, sheep were tested for stimulation-bound 
feeding and drinking. The results obtained in these experiments with the sheep, a ruminant, are compared with those 


previously found for the pig. 


Sheep Self-stimulation Ingestive behaviour 


Light cycle 





ONLY two studies have been reported on self-stimulation in 
large domesticated animals (goat [8]; pig [4]). A movable 
electrode system [3], developed for the pig [4] has been used 
in the present experiments to investigate long-term self- 
stimulation in the sheep. 

The main objective of this study, which is part of a re- 
search programme concerned with ingestive behaviour in 
ruminants, has been to examine the relations between food 
and water intake and self-stimulation in a situation where the 
animals had continuous access to the latter. Food and water 
were either continuously available on performance of an op- 
erant response or were provided in limited amounts on a 
daily basis. In the free operant situation it was found that 
pigs developed a strong temporal association between feed- 
ing, drinking and self-stimulation [4]. A similar relationship 
was also demonstrated in an earlier operant study in the rat 
[2]. The generality of these findings would be further sup- 
ported if they were confirmed in a ruminant species, which 
has a different digestive system and feeding pattern. 

When rats self-stimulate under conditions of constant il- 
lumination they show a circadian rhythmicity [2, 5, 11]. If they 
are exposed to a 12 hour light/12 hour dark cycle most of the 
activity takes place at night [12], as would be expected in a 
nocturnal species. By contrast, pigs living outdoors self- 
stimulate mainly during daylight hours [4]. In this study, the 
effect of illumination on self-stimulation was investigated in 
sheep living under constant light or a 12 hour light/12 hour 
dark cycle. 

Finally, in the absence of any information on self- 
stimulation in this species, some parametric data were col- 
lected and the animals were tested for stimulation-bound be- 
haviour. 


METHOD 


General 


Five adult male Finnish Landrace sheep were used. 
Throughout the experiments they were maintained on a 
complete pelleted diet. Each animal was surgically prepared 
with a movable electrode system [4] and implanted with tri- 
ple electrodes. The animals were trained to press panels with 
their muzzles to deliver a highly preferred food (oats). Self- 
stimulation sites were found as in the previous study, i.e. by 
a process of pairing food delivery with stimulation provided 
by a Grass SD9 stimulator whilst moving the electrodes 
downwards in step-wise fashion until a site was found that 
would maintain panel-pressing in the absence of food reward. 
When good self-stimulation was obtained the sheep were 
tested repeatedly over several days to produce stable 
baseline response rates. In all self-stimulation experiments 
the following parameters were used:—Frequency 100 Hz; 
Duration 0.1 msec square waves; Train length 0.3 sec. Cur- 
rent was varied as required and in all cases the electrode was 
negative with respect to ground. In all the experiments 
treatment effects were examined by analysis of variance. 


Experiment 1: Parametric; Hungry Xx Satiated 


The effect of current on self-stimulation rate was deter- 
mined in daily 30 minute sessions in which the current was 
raised in 250 uA steps until the response rate reached a 
plateau. These tests were carried out at the same time each 
day in relation to feeding. The optimum current determined 
for each sheep in these tests was used in all subsequent 
experiments. 
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In the ‘hungry x satiated’ trials each animal was allowed 
to self-stimulate for a 30 minute period following 17 hours 
food deprivation. The sheep was then returned to its pen, 
allowed to eat until satiated and then retested for a further 30 
minutes. Satiation was defined as consistent failure to eat in 
the presence of food. The above procedure was carried out 
on 5 consecutive days for each sheep. 


Experiment 2: Self-stimulation in Relation to Food and 
Water Intake 


All long-term studies were carried out in a metal-sided 
sheep pen housed in an isolated windowless room, con- 
tinuously illuminated, except where stated to the contrary. 
The pen was equipped with response panels for food, water 
and self-stimulation, located on separate walls. Food and 
water were delivered from automatic dispensers into bowls 
attached to the sides of the pen. All reinforcements were 
recorded every 5 minutes and all long-term experiments 
lasted for 5 days. 

Observation indicated that when food and water were de- 
livered on low fixed ratios the sheep stored up more of each 
than they would consume. The lowest ratio that effectively 
prevented this behaviour was FR 30 and this was used for all 
operant experiments. A single food reinforcement weighed 
approximately 6 g and a single water reinforcement meas- 
ured about 60 ml. 

Presses on the self-stimulation panel were not reinforced 
for the first 5 days of this experiment. During the second 
5-day period a single press on this panel delivered a 300 msec 
train of pulses, via a rotating contact swivel and coiled 
cable, to the active electrode. The current was set at the 
optimum level and checked twice daily with an oscilloscope. 
The initial response of the sheep to this situation was not 
particularly vigorous; in the first 6 hours self-stimulation was 
obtained only for about 55% of the time. In the final five day 
period the food and water panels were turned off, water was 
provided ad lib and food was given twice daily The total 
amount of food provided was not less than the average daily 
consumption under free operant conditions. 


Experiment 3: Self-stimulation in Relation to Light Cycle 


At the end of Experiment 2 the lighting was changed from 
24 hours continuous to a 12 hour light/12 hour dark cycle 
(Lights ‘on’ 6 a.m.). All other conditions remained the same 
and recording of self-stimulation continued for a further 5 
days. 


Experiment 4: Stimulation-bound Behaviour 


After completion of the above experiments each animal 
was adapted to living in a metabolism cage and provided with 
pelleted food and water ad lib. Testing was carried out in a 
quiet room with the animal in a satiated state. A programmed 
timer delivered current (2 msec square waves, 50 Hz) to the 
self-stimulation electrode on a 2 min ‘on’ 2 min ‘off’ time 
cycle. Individual sheep received 3 test sessions of approx- 
imately | hour in duration. Behaviour was monitored on a 
closed-circuit television system and recorded on a video- 
tape recorder. Accurate timing of events was obtained by the 
use of an electronic timer. 


Histology 


The sheep were anaesthetised with IV barbiturate and 
lesioned at the active site (1 mA for 20 secs) with a Grass 
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lesion maker. The animals were killed and the brains per- 
fused with heparinised saline followed by a mixture of For- 
malin/trichloracetic acid and potassium ferri/ferrocyanide so- 
lutions to develop the prussian blue reaction. Brains were 
removed, fixed in Formol saline, sectioned at 100 uu and 
alternate sections were stained with Spielmeyer’s myelin 
stain and Cresyl fast violet. Electrode placements were de- 
termined with reference to the Richard atlas of the sheep 
brain [10]. All active sites were located in the postero-lateral 
hypothalamus in the region of the substantia nigra; planes 
A 16-20 [10]. 


RESULTS 


Experiment 1: Parametric; Hungry X Satiated 


Self-stimulation rates are given in Table 1. In 4/5 sheep 
maximum response rates were obtained in the 700-1000 wA 
current range although one animal required a current of 1250 
mA to achieve an optimum rate. There was no general effect 
of feeding on self-stimulation in these tests although two 
animals did show small significant reductions in response 
rate following satiation (p<0.05, Table 1). 


Experiment 2: Self-stimulation in Relation to Food and 
Water Intake 


Comparison of the data obtained during the first and sec- 
ond 5 day periods allows an assessment to be made of the 
effect of self-stimulation on operant food and water intake. 
There was a tendency for all sheep to eat less when self- 
stimulation was available (Fig. 1A). Analysis of variance 
indicated that the overall trend was significant (p<0.05) and 
that, on an individual basis, the effect was significant in 3 
sheep. Similarly, the availability of self-stimulation reduced 
water intake significantly, taking the group as a whole 
(p <0.05; Fig. 1B), and produced a highly significant reduc- 
tion in one of the sheep. 

It was seen that feeding and self-stimulation often tended 
to occur together in the same 5 minute time period and there- 
fore a detailed factorial analysis was carried out to examine 
the associations between feeding and drinking, feeding and 
self-stimulation and drinking and self-stimulation. The 
number of times each type of reinforcement occurred in the 5 
minute period was used as the basis for the analysis. The 
variable analysed was the difference between the observed 
frequency and that expected on the assumption of independ- 
ent occurrence of the three events. The results of the 
analysis are displayed in Table 2. Zero values indicate a lack 
of association between events while positive values show a 
high probability of both activities occurring in the same 5 
minute period and negative values indicate a definite lack of 
association between the events. The analysis showed that 
there was a highly significant temporal association between 
feeding and self-stimulation (p<0.01). 

Comparison of the data from the second and third 5 day 
periods of Experiment 2 permits an examination of the 
method of food presentation on self-stimulation rate. These 
results are illustrated in Fig. 2. Taking the sheep as a group, 
analysis of variance indicated that the animals self- 
stimulated more when bowl-fed than when they had to per- 
form the operant for food (p<0.05). In two sheep this effect 
was highly significant (Fig. 2). An attempt was made to de- 
termine how these changes were brought about in terms of 
the patterning of self-stimulation. In this analysis the number 
of bouts/day and bout length were calculated; a bout was 





SELF-STIMULATION IN SHEEP 


TABLE 1 


SELF-STIMULATION RATE IN RELATION TO CHANGES IN CURRENT AND STATES OF HUNGER OR 
SATIETY DETERMINED FROM 30 MIN TESTS 





Reinforcements/min Mean + SE 


Sheep 


No. 250 pA 500 wA 750 pA 1000 wA 1250 nA 1500 wA Hungry Satiated 





87.5 96.7 96.5 
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*p<0.05 vs ‘‘hungry.”’ 
+Optimum current used in all other experiments. 


(Jno ‘ss’ 
BB witn ‘ss’ 


> 
< 
a 
4 
w 
a 





REINFORCEMENTS 
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SHEEP NO. 

FIG. 1. Operant food and water intake over 5 day periods in the 
presence or absence of self-stimulation (SS). (A) Number of food 
reinforcements/day (mean + SE). (B) Number of water reinforce- 
ments/day (mean + SE). Overall comparison:—self-stimulation re- 
duced consumption in ‘A’ and ‘B’ (p<0.05). Individual 
comparison:—*p<0.05, **p<0.01 vs No ‘SS’. 


defined as one or more consecutive 5 min periods in which 
self-stimulation occurred. Although no common pattern 
emerged from the analysis it is interesting to note that the 
two sheep which showed the greatest increases in self-stimu- 
lation when bowl fed (see Fig. 2) were the same two that 
showed significant increases in bout length. 


Experiment 3: Self-stimulation in Relation to Light Cycle 


Self-stimulation was recorded in sheep maintained for 5 
days on a 12:12 light/dark cycle. There was no significant 
difference between the total number of reinforcements ob- 
tained each day under this lighting regime and that found 


TABLE 2 


FACTORIAL ANALYSIS OF THE ASSOCIATION BETWEEN 
FEEDING, DRINKING AND SELF-STIMULATION 





Drinking 
and 
Self- 

Stimulation 


Feeding 
and 
Self- 
Stimulation 


Feeding 
and 
Drinking 





11.26 
7.66 


4.5 
1.02 
0.96 
0.32 
1.14 
0.21 
+1.08 


Mean 
+SE 





*><0.01. 


during the final 5 day period of Experiment 2 when the il- 
lumination was continuous (Fig. 3). However, the changed 
lighting did alter the pattern of self-stimulation activity. The 
number of presses during the 18.00 to 06.00 hour segment 
was significantly reduced when this period was made dark 
(p <0.01) and this was compensated for by an increase during 
the 06.00 to 18.00 hour light period. 


Experiment 4: Stimulation-bound Behaviour 


Four sheep were tested for stimulation-bound behaviour. 
Sheep no. 2 exhibited pronounced chewing during stimulation 
with occasional pauses. ‘Chewing’ of water was observed but 
there was little actual drinking and negligible feeding. In 
sheep no. 3 stimulation produced small rapid chewing 
movements and occasional approaches to the food bowl but 
no eating. During stimulation this sheep sometimes pawed 
the contents of the food bowl with his foreleg. Sheep no. 4 
gradually began to eat on stimulation after about 1 hour of 
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Number of self-stimulation (SS) reinforcements per day 
SE) over 5 day periods in which food and water were 


FIG. 2. 
(mean 


available on operant or in bowls. Overall comparison:—self- - 


stimulation increased under bowl-feeding conditions (p<0.05). In- 
dividual comparisons:—**p<0.01, ***p<0.001 vs ‘operant’. 


testing; this effect was observed on 3 separate occasions. A 
record was taken over 10 trials of 2 minutes ‘on’ - 2 minutes 
‘off cycles. Eating occurred in every test; the latency (mean 
+ SE) was 36.0 + 4.3 seconds and the cumulative feeding 
time (mean + SE) was 53.0 + 6.2 seconds. In the post- 
stimulation period the mean duration of feeding was 20.7 + 
6.3 seconds. In 8/10 trials this was due to continuation of 
eating after the stimulation was turned off. Feeding during 
the ‘off period of one test was initiated by fresh food being 
placed in the bowl. Only one 23 second period of spontane- 
ous feeding during an ‘off period was recorded. In the last 3 
trials this animal also showed stimulation-bound drinking. 
Sheep no. 5 did not eat when stimulated but displayed some 
feeding during ‘off periods. 
DISCUSSION 

The use of prolonged testing in a constant environment 
with a variety of reinforcers available reveals linkages be- 
tween natural behaviour, such as feeding and drinking, and 
self-stimulation. Comparison between the pig [4] and sheep 
studies indicates several common features in the way that 
these species respond to this experimental situation. 

In the first experiment, sheep achieved maximum self- 
stimulation rates of 70 to 90 presses per minute. These rates 
resemble those found in the pig in similar experiments [4]. 
Also, as in the pig [4], there was no general effect of hunger 
or satiation on response rate in short-term tests. The fact that 
some animals reduced their response rate after feeding, 
whereas others with similarly placed electrodes did not, 
argues against fatigue being responsible for this effect. In the 
long-term experiments both pigs [4] and sheep worked for 
self-stimulation in discrete bouts. A contrasting feature is 
that pigs, like rats [2], worked for self-stimulation more or 
less continously for several hours after initial exposure to the 
panel with the bout pattern appearing later [4]. Sheep, how- 
ever, worked in bouts from the start and tended to show less 
sustained activity, in spite of responding as rapidly in short- 
term tests. This difference may reflect the more posterior 
electrode placements used in the present experiments, al- 
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FIG. 3. Number of self-stimulation (SS) reinforcements (mean + 
SE) over 12 hr and 24 hr periods under conditions of continuous 
illumination or a 12 hr light/12 hr dark cycle. Comparison of 12 hr 
periods, **p<0.01. The difference between 24 hr periods was not 
significant. 


though pigs with substantia nigral self-stimulation electrodes 
did not differ in this respect from those with lateral hypotha- 
lamic electrodes [4]. It is possible that, because sheep are a 
highly social species, the stress of isolation may have coun- 
teracted the rewarding value of the stimulation. The short- 
term tests were carried out under less ‘stressful’ conditions, 
i.e. in the presence of the familiar experimenter and other 
sheep. 

The results of Experiment 2 show that the continuous 
availability of self-stimulation reduced the amount of food 
and water consumed. This confirms that the adult sheep, a 
ruminant, responds to this situation in the same way as the 
immature monogastric pig [4]. Since some of the electrodes 
in both studies supported stimulation-bound feeding it is 
possible that self-stimulation at these particular sites com- 
pensates for or overrides eating, through the activation of a 
related central reward system. This seems unlikely though, 
since one of the biggest reductions was seen in a sheep (No. 
2; Fig. 1A) in which stimulation-bound eating could not be 
induced. However, these data can be interpreted in other 
ways. For example, feeding and drinking in a relatively con- 
stant environment may be a response to lack of environ- 
mental stimulation and hence the availability of another rein- 
forcer, such as self-stimulation, might be expected to reduce 
intake. 

The results of Experiment 2 confirm that there is a strong 
temporal relationship between feeding and self-stimulation in 
the sheep, as was found for the pig [4] and rat [2]. Thus, in 
spite of the high fixed ratio for food, feeding and self- 
stimulation tended to occur together. However, in contrast 
to the pig, feeding and drinking were not linked. This indi- 
cates that the sheep, as would be anticipated from the graz- 
ing feeding pattern, is not a prandial drinker. 

When the sheep were provided with food in bowls the 
amount of daily self-stimulation increased. Observations 
were not made to determine whether self-stimulation and 
feeding were still temporally associated or whether separate 
meals alternated with bouts of self-stimulation. However, it 
is possible that, because the animals no longer had to work 
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for food, they were able to spend more time self-stimulating. 
There seemed to be a daily requirement for this activity be- 
cause, as in previous studies [2, 4, 9, 11], the total number of 
daily reinforcements remained relatively constant. Further 
evidence is provided by the results of Experiment 3. When a 12 
hour light/12 hour dark cycle was introduced the same number 
of reinforcements were obtained but most of the activ- 
ity was compressed into the light phase. Therefore, both 
sheep and pigs prefer to self-stimulate during daylight while 
the rat is most active at night. This may be because self- 
stimulation patterns are related to activity cycles [9]. 
Stimulation-bound feeding [6] and drinking [7] have been 


described before in the sheep but the animals were not tested 
for self-stimulation. In the present study, although only one 
sheep showed stimulation-bound activity the links between 
feeding and self-stimulation were equally obvious in the re- 
maining sheep. Clearly, the detailed nature of these associa- 
tions between ingestive behaviour and self-stimulation re- 
quire further investigation. 
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PHYSIOI 


BEHAV. 28(1) 83-88, 1982.—The prairie deermouse (Peromyscus maniculatus bairdi) is strongly nocturnal on a 12:12 
LD-cycle with a bimodal, dusk—-dawn feeding pattern. It has been suggested for the rat that the dusk peak is more 
dependent on the animal’s immediate energy needs while the dawn peak has an anticipatory function in storing food. The 
present study investigates this pattern in terms of the feeding response of deermice following periodic food deprivation. It 
was found that the response is not uniform within the D-phase; survivability, food intake, and maintenance of body mass 
were all favored by access to food during the final six hours vs the initial six hours. Deprivation experience enhanced 
survivability with the early-food, presumably through a reduction in locomotor activity and not by increased food intake 
These results suggest a rigid temporal organization of feeding behaviors whereby early-night foraging and hoarding are 
necessary in allowing for late-night filling in anticipation of the L-phase. 


Peromyscus maniculatus bairdi Feeding pattern 


Anticipatory feeding 


THE DAILY pattern of food intake in nocturnal rodents 
following periodic food deprivation is not fully understood. 
Rats show a circadian response whereby consumption is 
greater when re-feeding is during the dark phase (D-phase) of 
the light-dark cycle (LD-cycle) than when it is during the 
light phase (L-phase) [3, 4, 6]. It is not known, however, if 
the feeding response is uniform within the D-phase or 
whether it is influenced by a nocturnal feeding pattern. 

Ad lib feeding appears to be bimodal in both the rat [21] 
and in the strongly nocturnal deermouse (Peromyscus ma- 
niculatus) [12,14], with peaks at the beginning (dusk) and end 
(dawn) of the D-phase. It has been suggested that the dusk 
peak is more dependent on immediate energy requirements 
[19] whereas the dawn peak has a more anticipatory function 
in storing food for the approaching L-phase [1]. If the re- 
sponse to periodic food deprivation is influenced by such an 
underlying feeding pattern we might then expect the greatest 
compensation in food intake at dusk and the least in the 
trough between dusk and dawn [16]. 

The present study examines the nocturnal feeding pattern 
of the prairie deermouse (P.m. bairdi) in terms of its re- 
sponse to deprivation schedules allowing fixed periods of 
access to food. In the laboratory P.m. bairdi were unable to 
maintain body mass on a feeding schedule allowing free ac- 
cess to food during the initial six hours of a 12-hr D-phase 
[14]. This observation suggests that prairie deermice are (1) 
unable to concentrate daily feeding into six continuous 


Periodic food deprivation 


Deprivation experience 


hours, (2) able to do so only with prior deprivation experi- 
ence, or (3) able to do so only during the final six hours of the 
D-phase. Early vs late night access to food together with 
deprivation experience are tested here for their effects on 
survivability, maintenance of body mass, and amount of 
food consumed. 


METHOD 
Subjects 


The 60 male P.m. bairdi tested were the first laboratory 
generation of parents caught in the vicinity of East Lansing, 
Michigan. In the first of two successive runs of this experi- 
ment 26 mice were used. They weighed an average of 
18.25+0.36 (1 S.E.) g and were 118+2.8 days of age at the 
onset. These animals represented nine litters from five mated 
pairs. The second run employed 34 mice from nine new lit- 
ters of the same parent stock. These weighed an average of 
18.00+0.31 g and were 134.8+3.6 days of age. 


Treatment 


After weaning at 21 days of age the subjects were housed 
with male littermates in transparent plastic cages, 30cm x 15 
cm X 15cm in size. They were provided wood shavings and 
a cotton Nestlet (Anicare). Wayne Mouse Breeder food and 
water in suspended drop bottles were provided ad lib. The 
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TABLE 1 
EXPERIMENTAL DESIGN 





Experience 


Timetable 
Regime 


Early-Food 
(n=15)* 


Hours/Day of Access to Food* 


Control 


Early-Food Late-Food 
(n=15) (n=15) 


Late-Food 
(n=15)* 





Baseline 


Experience 
Recovery 
Experience 
Recovery 
Experience 
Recovery 
Test 
Recovery 
Reverse-Test 


6 Early 
12 


6 Late 





*Within the 12 hour D-phase. 


+One animal in each group died during the ten-day baseline period. 


laboratory environment was maintained at approximately 
21°C under a LD 15:9 cycle. 


Procedure 


At approximately 70 days of age all mice were placed in 


separate cages where they remained socially isolated until 
termination of the experiment. The cages were housed in a 
testroom with a reverse LD 12:12 cycle. Daytime lighting 
was provided by four overhead lightbulbs (two 60 Watt plus 
two 7'/2 Watt bulbs). Illumination six inches to the front of 
the three tiers of cages read 130 ft-c., 65 ft-c., and 16 ft-c., 
top to bottom. At night the two 7'/2 Watt bulbs remained lit, 
providing dim illumination (two ft-c., one ft-c., and 0.5 ft-c., 
respectively). Daily temperature varied from 26°C at the end of 
the L-phase to 23°C at the end of the D-phase. Food and 
water were available ad lib. The food was changed to Purina 
Mouse Breeder food because these pellets were less break- 
able than the former. The mice were given 40 days to adjust 
to these conditions. 

At the end of this adjustment period the mice were ran- 
domly assigned to one of the four experimental groups. The 
subjects within any one group were, in turn, randomly as- 
signed to a cage position on any one of the three available 
tiers. 

At this time food was available only during the 12 hours of 
the D-phase, the time during which virtually all feeding oc- 
curred under ad lib conditions [14]. It was hung from the side 
of the cage on a wire passed through holes drilled in the 
pellets. This method facilitated the daily presentation and 
removal of food with a minimum of disturbance. Subjects 
received two pellets daily totalling approximately 12 g. 

A clean cage with fresh bedding was provided between 
separate stages of the experiment. Other than for the sched- 
uled presentation and removal of food, traffic in and out of 
the testroom, for weighing the mice or changing their cages, 
took place only during the hour preceding lights-off (10.00 to 
11.00 hours). 


Experimental Design 


The experimental design is shown in Table 1. The sub- 
jects were divided into four equal groups of 15 mice each, 
forming two control and two experimental groups. Initially 
all of the animals underwent a baseline period of ten days 
where the food was available each day throughout the 12 
hours of the D-phase (Row 1, Table 1). Both control groups 
remained on this schedule for an additional 25 days (Rows 
2-7), after which time they underwent five days of test dep- 
rivation (Row 8). At this time the Early-food controls had 
access to food for the initial six hours of the D-phase and 
were deprived for the final six hours. The Late-food con- 
trols, on the other hand, were deprived during the initial six 
hours of the D-phase and had access to food during the last 
six hours. Following the test deprivation the survivors of 
both control groups were given one recovery day of 12 hours 
of access to food (Row 9). The reverse test deprivation was 
then imposed for five days (Row 10). Here, the Early-food 
controls received early deprivation and late access and vice 
versa for the Late-food controls. 

Following the baseline period, the experience groups 
underwent 25 days of their Early-food or Late-food experi- 
ence, where the daily access to food was gradually reduced 
from nine to seven hours. The Late-food experience began 
with ten days during which the access to food was in the final 
nine hours of the D-phase (Row 2). This was followed by 
successive five-day blocks (Rows 4 and 6) allowing first the 
final eight hours and then the final seven hours for access to 
the food. A recovery day with 12 hours of access separated 
each experience block (Rows 3 and 5), with three recovery 
days after the seven-hour block (Row 7). The Early-food 
schedule of experience was similar to the above, with nine-, 
eight-, and seven-hour blocks referring to the initial hours of 
food availability within each D-phase (Rows 2, 4, and 6). The 
respective test and reverse test deprivations were the same 
as those described for the controls (Rows 8 and 10). 
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TABLE 2 


FATALITIES OF PEROM YSCUS MANICULATUS BAIRDI UNDER THE TEST DEPRIVATION 
AND REVERSE TEST DEPRIVATION CONDITIONS 





Group 


Initial number 
of animals 


Test Deprivation 


Number of 
fatalities 


Reverse Test Deprivation 


Number of 
fatalities 


Initial number 
of animals 





. Early-food 
control 

. Early-food 
experience 

. Late-food 
control 

. Late-food 
experience 





Analysis 


The dependent variables considered in this experiment 
were survival, body mass change, and daily food consump- 
tion. Survival vs death was tested with a chi-square analysis 
of a two-way contingency table (Model II design). Subsam- 
ples from the separate runs were tested for homogeneity 
before being pooled [26]. Changes in body mass and daily 
food consumption were examined by analysis of variance 
using a split-plot, repeat measure design with Latin Squares 
in the subplots [17]. The independence of error terms, for the 
test and reverse test deprivations, was assured by testing the 
equality of covariance matrices [17]. 


RESULTS 

Survivability 

The numbers of fatalities of P.m. bairdi under the various 
testing conditions are presented in Table 2. In every case 
mortality is associated with the deprivation regime allowing 
access to Early-food. During the five days of the test depri- 
vation with six hours of Early-food, five of 29 mice died, 
whereas not one of the 29 mice subjected to the test depriva- 
tion with Late-food died (pooled chi-square=5.47, 
0.025>p>0.01; homogeneity chi-square=0.05, 0.9>p>0.5). 
Two of the subjects were dead by the morning of Day 3, and 
one more on each of the mornings of Days 4, 5, and 6. Simi- 
lar results occurred on the reverse test deprivation (pooled 
chi-square=5.53, 0.025>p>0.01; homogeneity chi-square 
=0.45, 0.9>p>0.5). Here two mice were dead by Day 3, 
five by Day 4, and a total of six by the morning of Day 5. 
Again no mice with access to food during the final six hours 
of the 12-hour D-phase died. The total of 11 animals that died 
did so at an average of 76.9+1.57 (1 S.E.) percent of their 
initial body masses. One survivor lost a greater percentage. 

All subjects with Early-food experience survived the 
Early-food test deprivation, whereas five of the 15 controls 
died (pooled chi-square=5.59, 0.025>p>0.01; homogeneity 
chi-square=0.11, 0.9>p>0.5). 


Body Mass 


At the start of both the test and reverse test, body mass 
was equivalent across groups. The Early-food and Late-food 


experience and the Early-food and Late-food controls aver- 
aged 18.25+0.61 (1 S.E.) g, 18.91+0.62 g, 17.91+0.52 g, and 
19.07+0.37 g, respectively, for the test deprivation and 
17.75+0.63 g, 18.94+0.60 g, 17.82+0.51 g, and 18.72+0.41 g, 
respectively, for the reverse test deprivation. 

Loss of body mass was determined by the difference be- 
tween the initial body mass, measured at the onset of both 
the test and the reverse test, and that after three days of 
deprivation. This was the time when the first fatalities oc- 
curred. The nature of this experimental design, whereby re- 
peated measures were made on the same individual, dictated 
that the sample size be the same for each of the four combi- 
nations of Early vs Late-food with or without experience, 
and that the subjects considered in the reverse test be the 
same as those in the test deprivation. Because five of the 15 
Early-food controls died during the test deprivation (Table 
2), it was necessary to select randomly ten animals from each 
of the remaining three groups. This analysis is, therefore, 
based on a total sample size of 80: ten subjects in each of the 
four test groups, repeated a second time in the reverse test. 

Early vs Late test, or reverse test, conditions had signifi- 
cantly different effects on loss of body mass, 
F(1/36)= 102.96, p<0.001. Mice with access to food during 
the initial six hours of the D-phase lost an average of 
1.84+0.10 (1 S.E.) g compared with an average loss of only 
0.10+0.10 g for those with access during the final six hours. 

The effects of Early and Late experience are compared in 
Table 3. Neither type of experience differs from its control 
for either the test or reverse test or for the two taken in 
sequence. Early-food experience evidently does not man- 
ifest itself through a reduced loss of body mass. The 
fatalities, however, are not included in these comparisons. 

No significant interaction appears between the Early vs 
Late-food and past deprivation experience, F(1/36)=0.1, 
p>0.5. In addition, no difference is found between the test 
and reverse test, F(1/36)=0.28, p>0.5, nor does this variable 
appear to interact with the experience vs control factor, 
F(1/36)=1.04, p>0.25. 


Food Consumption 


Food consumption on the day prior to both the test and 
reverse test was similar across groups. The Early-food and 
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TABLE 3 


COMPARISON OF MEAN BODY-MASS LOSS IN GRAMS FOR EXPERIENCE VS CONTROL 
PEROMYSCUS MANICULATUS BAIRDI AFTER THREE DAYS OF EARLY VS LATE TEST 
(OR REVERSE TEST) DEPRIVATION 





Control 


Experience 





Test Early food 
Deprivation 


(¥ = 1S.E.) —1.52 = 0.17" 


Reverse Test Late food 
Deprivation 


(Y + 1S.E.) —0.10 + 0.14 


Late food 


—0.29 + 0.26 
Early food 


-2.24 + 0.31 


Early food Late food 


—1.59 + 0.24 —0.29 + 0.24 


Late food Early food 


+0.29 + 0.10 —2.00 + 0.22 





*This figure is based on n=10 and it therefore does not include the fatalities (see Table 2). 


TABLE 4 
COMPARISON OF MEAN TOTAL FOOD CONSUMPTION IN GRAMS FOR EXPERIENCE VS 
CONTROL PEROMYSCUS MANICULATUS BAIRDI FOR FIVE DAYS OF EARLY VS LATE TEST 
(OR REVERSE TEST) DEPRIVATION 





Control 


Experience 





Test Early food 
Deprivation 


(+38. 7.92 + 0.87* 


Reverse Test Late food 
Deprivation 


(¥ = 13.E.) 11.14 + 1.42 


Late food 


11.94 + 1.68 
Early food 


9.35 + 1.42 


Early food Late food 


10.27 + 0.78 11.84 + 0.96 


Late food Early food 


14.07 + 1.35 8.78 + 1.05 





*This figure is based on n= 10 and it therefore does not include the five fatalities (see Table 2). 


Late-food experience and the Early-food and Late-food con- 
trols averaged 3.28+0.30 (1 S.E.) g, 3.23+0.31 g, 2.90+0.28 
g, and 3.42+0.26 g, respectively, prior to the test deprivation 
and 3.65+0.34 g, 3.92+0.43 g, 3.26+0.41 g, and 3.84+0.38 g, 
respectively, prior to the reverse test deprivation. 

Results of the ANOV for the total amount of food con- 
sumed during the five-day test or reverse test are consistent 
with those found for the loss of body mass. Mice with Early- 
foud consumed an average of 9.13+0.47 (1 S.E.) g in five 
days compared to 12.24+0.67 g for the mice with Late-food, 
F(1/36)= 100.97, p<0.001. 

Previous deprivation experience also had no significant 
effect on food consumption, F(1/38)=0.91, p>0.25. The 
experienced animals did, however, consume more food than 
did the controls: 11.24+0.58 g and 10.13+0.66 g respec- 
tively. Table 4 breaks experience into its early and late com- 
ponents and compares each with its control for either the test 
or reverse test situation. No significant differences occur 
however. In addition, there is no interaction between the 
experience and the Early vs Late test, or reverse test, condi- 
tions, F(1/36)=1.01, p>0.25. 

It is of interest to know whether the Late-food mice in- 
crease their six-hour intake over the baseline amount for the 
same period, or whether they normally consume the greater 
percentage of the 12-hour ad lib intake during the final six 
hours. When the amount of food consumed on Day | of the 


Early-food test, or reverse test, deprivation is taken as a 
percentage of that consumed the previous ad lib day, the 
result is an estimate of the percentage of the total intake 
consumed during the initial six hours of an ad lib 12-hour 
D-phase. In this experiment that estimate was 49.4+ 1.96 (1 
S.E.) percent. (This and subsequent figures are all derived 
from the same 47 survivors.) It follows, then, that 50.6 per- 
cent of the total intake occurred during the final six hours. 
Now, the amount of food consumed on Day 1 of the Late- 
food test, or reverse test, deprivation is found to be 
69.4+2.07 percent of that consumed the previous ad lib day. 
The Late-food mice ate an average of 2.27+0.13 g on Day 1 
of the test or reverse test compared with 1.55+0.08 g for the 
Early-food subjects. This implies that the Late-food animals 
did increase food intake per unit time on Day 1. 

Of further interest is whether the daily food intake of 
deprived mice increases during the course of the test or re- 
verse test. The difference in intake between Day | and Day 5 
is an average increase of 0.43+0.06 g for the Early-food mice 
and 0.14+0.06 g for the Late-food mice. On Day 5 the Early- 
food mice ate 64.4+2.77 percent (1.98+0.09 g) of the Day 0 
ad lib intake of 3.23+0.17 g; this is an increase over the 
49.4+1.96 percent (1.55+0.08 g) observed on Day 1. The 
Late-food animals increased their Day 5 intake (2.41+0.12 g) 
slightly to 75.2+2.90 percent of their baseline intake 
(3.28+0.16 g). It appears, therefore, the P.m. bairdi make a 
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greater accomodation in one day with Late-food than 
through five days with Early-food. Such is the case for both 
the test deprivation (t=1.75, p<0.05, one-tailed) and the re- 
verse test deprivation (¢=1.83, p<0.05, one-tailed). These 
values are less than they might be because only the survivors 
were considered. 


DISCUSSION 


These results indicate that the feeding response of P.m. 
bairdi to periodic deprivation is not uniform within a 12-hour 
D-phase; and that this compensation is under temporal re- 
straints beyond those imposed by the LD-cycle. Subjects 
could not readily compensate daily intake over the five day 
period with Early-food. This rigidity appears to contrast with 
the lab rat which adjusts to a wide range of fixed-periodic 
and force-fed meals [2, 10, 18, 25]. Subjects did, however, 
readily adjust to the deprivation schedule allowing access to 
food during the second half of the D-phase. This presumably 
reflects an underlying nocturnal feeding pattern; and it raises 
questions about a dusk peak early in the D-phase and its role 
in the daily feeding strategy. 

Survivability under the Early-food test was enhanced by 
like-experience. This, however, was not through an in- 
creased rate of food intake. The results of similar tests with 
P.m. bairdi in running wheels suggest rather that a reduction 
in locomotor activity is the benefit of such experience [14]. 
The general activity level of rats and mice (as measured with 
stabilimeter cages, running wheels, open-field movement, or 
exploration) can increase as a result of food deprivation [8, 9, 
11, 15]. This presumably enhances the probability of an 
animal making contact with food. On the other hand the 
activity response to deprivation can be negligible or even be 
reduced depending on the circumstances [13, 22, 23, 24]. For 
instance, rats after approximately one week on a daily depri- 
vation schedule spent more time resting or standing motion- 
less than did controls [7]. 

Together these results suggest a rigid temporal organiza- 
tion of feeding behaviors in the prairie deermouse whereby 
foraging is predominant early in the D-phase, and major ad- 
justments in daily intake possible only later. If this is correct, 


the late, dawn peak in feeding would serve more than an 
anticipatory function. Activity records of P.m. bairdi in the 
lab support such a temporal organization of feeding [14]. 
Under ad lib conditions the eating bouts of longest duration 
occurred late in the D-phase when wheel running was re- 
duced. It follows that the term feeding refers to both foraging 
and food intake; and that it should not imply that food is 
necessarily consumed when it is located. Non-mobile foods 
such as seeds, fungi, or herbaceous plants can be stored in 
caches and eaten later in the D-phase. The occurrence of 
hoarding behavior or the resulting food caches have been 
reported for many species of Peromyscus [5,20]. 

The feeding pattern proposed here offers an explanation 
for the seasonal formation of food caches and the way in 
which they might be used. This is to suggest that P.m. bairdi 
hoards storable food throughout the year in the daily manner 
described above. If food is not plentiful, if it is not in a 
storable form, or if meteorological conditions are unfavor- 
able for foraging, then daily caches do not accumulate. If, 
however, these factors are favorable as would be expected in 
the autumn, then caches become conspicuous, giving the 
appearance that hoarding is seasonal. Furthermore, if forag- 
ing and hoarding were components of the daily feeding pat- 
tern, then caches would become depleted only after the 
foraging success drops. This is opposed to the deermouse 
depending exclusively on an available cache(s) until it is 
exhausted, and then having to resort to foraging, possibly at 
an inopportune time. In regard to the present experiment, if 
foraging and hoarding are an important prerequisite to filling, 
then the greater compensation might be expected in the final 
six hours of a 15-hour D-phase than of a nine-hour D-phase. 

In conclusion, P.m. bairdi are readily able to compensate 
18 hours of food deprivation per day when allowed access to 
food during the final six hours of the 12-hour D-phase, but 
are not able to do so when allowed access during the first half 
of this period. This suggests a daily feeding pattern whereby 
the dusk peak in feeding represents maintenance intake to 
allow for foraging while the dawn peak represents both com- 
pensatory and anticipatory food intake utilizing a food 
cache(s). Such an organization of feeding behaviors appears 
adapted to a strictly nocturnal existence. 
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ASIN, K. E. AND D. WIRTSHAFTER. Ingestive behaviors of rats with electrolytic median raphe lesions maintained on a 
food deprivation schedule. PHYSIOL. BEHAV. 28(1) 89-93, 1982.—The current study examines the effects of electro- 
lytic median raphe lesions on the feeding and drinking behaviors of rats maintained on a 23-hr food deprivation schedule. 
Measurement of food intake during the feeding period indicated no difference between the two groups but lesioned animals 
showed significantly more spillage than controls. Furthermore, measurement of water intakes indicated that median raphe 
lesioned rats consume significantly less water than controls in the absence of food and come to ingest virtually all of their 
daily fluid intake during the feeding period. Additionally, rats with lesions of this nucleus take significantly more drinks 
during the feeding period, often punctuating their meal with short draughts. Since similar behaviors are seen following the 
destruction of certain hypothalamic and limbic nuclei anatomically related to the median raphe, it is possible that these 


syndromes share an anatomical basis. 
Median nucleus of the raphe Drinking 
Food: water interactions 


THE nucleus medianus raphe (MR) appears to be both 
anatomically and functionally related to structures rostral to 
it. Thus, anatomical connections of the MR with various 
forebrain structures have been described [15,16] and we 
have reported that many of the behavioral effects seen fol- 
lowing electrolytic lesions of this nucleus mimic those which 
are seen following damage to certain limbic structures [2, 3, 
4, 21}. 

During the course of some of our studies [3] we observed 
that rats with electrolytic lesions of the MR who were on a 
restricted feeding schedule made more trips to the water 
bottle during the feeding period than did the control animals. 
This serendipitous finding was particularly interesting since 
a similar observation has been made concerning the drinking 
behavior of rats with lesions of the septum, which is recip- 
rocally connected to the MR [7,16]. The purpose of the cur- 
rent study, therefore, was to examine in more detail the feed- 
ing and drinking behaviors of MR lesioned rats maintained 
on a 23-hr food deprivation schedule. 


METHOD 
Subjects 


Male, Sprague-Dawley derived rats, obtained from a col- 
ony maintained by University of Illinois, served as subjects. 





Limbic-midbrain region 


Prandial drinking Food deprivation 


Animals were individually housed and were kept on an ap- 
proximate 12:12 light:dark schedule. Food and water were 
available ad lib during the postsurgical recovery period, and 
thereafter as noted below. Rats weighed approximately 300 g 
at the time of surgery. 


Surgery 


Surgical procedures were similar to those previously de- 
scribed [2,3]. Briefly, all subjects were anesthetized, placed 
in the stereotaxic instrument, and had burr holes drilled. 
Following the retraction of the superior sagittal sinus [22], 
controls (N=9) had their incision sutured and were returned 
to their cages. In animals to be lesioned (N=10), a stainless 
steel electrode, 0.22 mm in diameter and insulated except for 
0.5 mm at the tip, was lowered to a previously described site 
[2,3] and a 1 mA DC current was passed for 8 seconds to a 
rectal cathode. Following suture of the incision, rats were 
returned to their home cages. 


Procedure 

Following surgery, food (Wayne Labblox) and water (pre- 
sented in graduated tubes) were available ad lib for 21 days. 
During the last two of these days, 24-hr water intakes (+1.0 
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ml) were recorded for both groups. On the following day, all 
food was removed from the animals’ cages and subsequent 
water intakes were recorded 23 hrs later. During the next hr, 
rats were allowed to feed, after which food was again re- 
moved and water bottles refilled. 

The amount of food eaten (+0.1 g) was calculated by 
measuring the amount of food which fell beneath the cage 
onto paper sheets, adding this figure to the amount of food 
remaining in the cage, and subtracting this quantity from the 
known amount of food given. Food consumption and spillage 
were measured on alternate days, while water intakes during 
the 23 hrs preceding and the 1-hr feeding period were meas- 
ured daily. Body weights were also recorded on the day prior 
to and the 18th day following the initiation of the deprivation 
schedule. 

On the 19th day of the 23-hr food deprivation schedule, 
the number of draughts taken during the one-hr feeding 
period was counted by the experimenters and the amount 
drunk was also recorded. A draught was defined as licking at 
the tube for at least 3 sec, separated from other drinking 
episodes by either 30 sec or by feeding. 


Histology 


Following behavioral testing, rats were deeply anesthe- 
tized and were perfused transcardially with isotonic saline, 
followed by a 10% Formalin solution. Brains were then 
stored in Formalin for a minimum of | week, soaked in a 20% 
sucrose solution overnight, and then sectioned on a freezing 
microtome into 64 u thick sections through the extent of the 
lesion. Brains were then stained with cresyl violet to deter- 
mine the extent of damage incurred by the lesions. 

RESULTS 

Although the mean body weights of control and lesioned 
groups were similar prior to surgery, raphe lesioned rats 
weighed significantly less than controls on the twenty-first 
day of the surgical recovery period (366.5+6.0 vs 396.4+9.8 
g; t(17)=2.6, p<0.05). Twenty-four hr water intakes on this 
day, however, were almost identical for the two groups 
(32.1+1.5 vs 32.8+ 1.6 ml for lesioned and control rats, respec- 
tively). 

The food intakes of raphe and control animals during the 
23-hr food deprivation schedule are shown in Fig. la. It can 
be seen that median raphe lesions did not produce a consis- 
tent effect on one-hr food intake, and that the intakes of both 
groups increased with continued exposure to the deprivation 
schedule. This conclusion is supported by a 2x9 (lesion x 
days) factorial analysis of variance (ANOVA) with repeated 
measures, which indicated a _ significant days effect, 
F(8,136)=32.8, p<0.001, but not a lesion effect (F < 1.0). 
The lesion x days interaction also failed to reach signifi- 
cance (p>0.3). 

The amount of food spillage for each group across days is 
shown in Fig. 1b. As is apparent from the figure, and is 
supported by the results of a 2x9 ANOVA with repeated 
measures, lesioned animals tended to spill more food across 
the entire deprivation period than did sham operated con- 
trols, F(1,17)=7.80, p<0.02. The days effect and the in- 
teraction effect fell short of significance (p >0.1). 

Figure Ic illustrates the amount of spillage per gram of 
food eaten for lesioned and control rats across the depriva- 
tion period. This ratio could be taken as an index of feeding 
efficiency. A 2x9 (lesion x days) repeated measures 
ANOVA indicated that median raphe lesioned animals spilled 
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FIG. 1. (a) Grams of food eaten during the one hour feeding period 
by median raphe (doted line; MR) and control (solid line; CONT) 
subjects across days. (b) Food spillage by experimental groups dur- 
ing the one hour feeding period. (c) Ratio of grams of food spilled to 
grams of food eaten by lesioned and control subjects across the 17 
days of the food deprivation schedule. 


more food, relative to the amount eaten, than did con- 
trols, F(1,17)=8.59, p<0.01. There was also a significant 
days effect, F(8,136)=4.65, p<0.01, reflecting the ability of 
animals in both groups to spill less food relative to the 
amount eaten with continued exposure to the deprivation 
schedule. Thus, although median raphe lesioned rats spill 
more food than controls, they are apparently capable of in- 
creasing their feeding efficiency to the same extent as con- 
trols when given extended practice on the deprivation 
schedule. 

Figure 2 shows the water intakes of lesioned and control 
animals across the 17 days of restricted feeding. Intakes dur- 
ing the one-hr feeding period and during the 23-hr food dep- 
rivation period will be considered separately. 

As shown in Fig. 2, lesioned rats drank less in the absence 
of food than did sham operated controls. This conclusion is 
supported by the results of a 2x17 (lesion x days) repeated 
measures ANOVA which indicated a highly significant effect 
of median raphe lesions, F(1,16)=33.78, p><0.001; there was 
also an effect of days, F(16,272)=3.52, p<0.01, reflecting the 
observation that 23-hr intakes in both groups declined across 
the deprivation period. The lesion x days interaction failed 
to approach significance (F < 1). It is notable that a /-test 
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TABLE | 


NUMBER OF DRINKS, AMOUNT DRUNK AND AVERAGE DRINK SIZE 
DURING A ONE HOUR FEEDING PERIOD BY MEDIAN 
RAPHE LESIONED AND SHAM OPERATED CONTROL RATS 





Group No. of Drinks Amount Drunk (ml) Mean Drink Size 





8.0+ 1.7 
60.0 + 17.1 


Control 
Lesioned 


7.6 + 0.4 
15.7 + 2.6 


1.2 + 0.2 


0.4+ 0.1 
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FIG. 2. Number of mls drunk by median raphe lesioned (MR) or 
sham operated (CONT) animals maintained on a 23-hr food depriva- 
tion schedule. Solid lines represent the water intake of rats during 
the one hr daily when food was made available; dotted lines indicate 
fluid intakes for the previous 23-hr period, under conditions of food 
deprivation. 


conducted on intakes during the first 23-hr food deprivation 
period indicated that raphe lesioned rats drank significantly 
less than controls, #(17)=2.46, p<0.02, indicating that this 
effect does not depend on experience with the deprivation 
schedule. 

Figure 2 also shows that raphe lesioned rats tended to 
drink more during the one hour feeding period than did con- 
trols, and that the magnitude of this difference increased 
across the 17 days of restricted feeding. A 217 (lesion » 
days) repeated measures ANOVA indicated a significant le- 
sion effect, F(1,16)=143, p<0.01, a significant days effect, 
F(16,272)=2.43; p<0.05, and a significant lesion x days in- 
teraction, F(16,272)=3.62, p<0.01. A simple main effects 
analysis conducted on each day of deprivation indicated that 
lesioned animals showed significantly greater one-hr intakes 
than controls on the fourth and on the eighth through the 
seventeenth days of deprivation (0.05 > p>0.001). Thus, the 
prandial hyperdipsia shown by lesioned animals may depend 
on experience with the deprivation schedule for its develop- 
ment. 


FIG. 3. Photograph of an unstained section through a typical median 
raphe lesion 


On the eighteenth day of restricted feeding lesioned and 
sham operated rats had lost almost identical amounts of 
weight (19.3 vs 18.82, respectively) relative to their predep- 
rivation baselines. 

On the nineteenth day of the schedule, the number of 
drinks taken during the one hour feeding period was counted 
and the average draught size was determined by dividing the 
number of drinks taken by the amount drunk. These results 
are shown in Table 1. It can be seen that lesioned animals 
took significantly more, #(17)=2.89, p<0.01, drinks than 
controls, and that the size of each drink tended to be smaller, 
1(17)=4.10, p<0.01. 


Histology 


A photograph of a typical lesion is shown in Fig. 3. In all 
cases the lesions severely damaged the median raphe nucleus. 
In some instances the lesions involved also the ventral teg- 
mental nuclei of Gudden or the reticular tegmental nuclei of 
the pons. Damage to these adjacent structures was usually 
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minor and did not appear to correlate with any of the behav- 
iors studied. 


DISCUSSION 


The results of the current study indicate that the destruc- 
tion of the nucleus medianus raphe, or fibers passing in its 
vicinity, alters the normal pattern of food and water intake in 
rats maintained on a 23-hr food deprivation schedule. Most 
notably, MR lesioned rats consume less water than controls 
in the absence of food and appear to eventually ingest over 
80% of their daily fluid intake during the feeding period, 
compared to approximately 34% for controls; lesioned rats 
also showed increased food spillage. 

The reduction in fluid intake shown by MR lesioned rats 
in the absence of food is apparent during the first day of food 
deprivation, and we have observed this effect on at least 
three separate occasions ({1]; unpublished observations). The 
increased food associated drinking displayed by these rats, 
quantifiable in terms of the amount of water consumed dur- 
ing the 23 hrs prior to versus during the one hour feeding 
period, appears to become exaggerated over time, which 
may reflect the animals’ adaptation to the deprivation 
schedule [17], since food intake was also increasing during 
this period. Furthermore, not only was the amount of fluid 
consumed during feeding greater in lesioned rats, but so was 
the number of draughts taken, although draught size was 
reduced. Animals were observed to punctuate their meals 
with frequent small draughts, which averaged one per minute 
during the feeding period. The increased food spillage of MR 
lesioned rats is most probably due to their disrupted pattern 
of feeding and drinking, which permits smaller food pellets to 
fall through the cage mesh during the drinking episodes; we 
have also observed this effect in a group of MR lesioned rats 
maintained on ad lib feeding (6.3 vs 3.1 g spillage for lesioned 
and sham operated rats, respectively, over a 24-hr period 2 
weeks following surgery). 

It is unlikely that the increased intrameal drinking follow- 
ing MR lesions reflects an impairment in salivary function 
caused by stereotaxic placement, since controls were also 
placed in the apparatus. Furthermore, Kissileff [11] has re- 
ported that destruction of the corda tympani nerve does not 
result in exaggerated prandial drinking. Additionally, the ad 
lib water intake of salivarectomized rats is elevated well 
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above that for controls [9,20] unlike the intakes of our MR 
lesioned rats prior to the initiation of the deprivation 
schedule. 

Increased food associated drinking has also been reported 
to occur following lesions of the lateral hypothalamus, sep- 
tum, olfactory bulb and lateral preoptic region [6, 7, 8, 12, 
19] and increased food spillage has been observed following 
damage to the hippocampus and septum [7,14]. Since all of 
these areas have been shown to be anatomically related to 
the median nucleus of the raphe and are included in the 
limbic-midbrain circuit [15,16], it is possible that these syn- 
dromes share an anatomical basis, which is the destruction of 
elements which eventually course through, or in the vicinity 
of, the median raphe. 

At this time it is difficult to speculate about why MR 
lesioned rats show such pronounced intrameal drinking. It 
does not appear to be related to the failure of MR lesioned 
rats to drink appreciable quantities of fluid when food is not 
available. Thus, we have observed that when control rats are 
deprived of both food and water for 23 hrs (which is essen- 
tially what occurs with MR lesioned rats on a food depriva- 
tion schedule) they still fail to drink as much as lesioned 
subjects during the feeding period and fail to increase their 
number of draughts appreciably. A more likely explanation 
is related to the general behavior of the median raphe 
lesioned rat, which is abnormally stereotyped and 
preseverative in nature [21,23]. Thus, it is possible that the 
alternation of feeding and drinking by these animals reflects 
an exaggeration of normal feeding: drinking relationships in a 
highly stereotyped manner. This proposal is similar to what 
Rowland [18] has suggested for the increased prandial drink- 
ing of the lateral hypothalamic lesioned rat. We are currently 
examining more closely the exact nature of feeding and 
drinking alterations seen in rats following electrolytic lesions 
of the median nucleus of the raphe. 

Finally, it should be noted that a number of workers have 
observed a transient hyperdipsia following median raphe le- 
sions [1, 5, 10, 13]. It is possible that the exaggerated pran- 
dial drinking observed in the current study may in some way 
be related to this phenomenon. Whether these effects result 
from destruction of serotonin containing neurons or from 
damage to nonserotonergic neurons or axons of passage re- 
mains to be determined. 
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STEPHENS, D. N., J. TONKISS AND J. H. WEARDEN. Differences between rats undernourished preweaning, and 
controls in learning about a redundant stimulus during acquisition of a conditioned emotional response. PHYSIOL. 
BEHAV. 28(1) 95-101, 1982.—Male rats were undernourished during the first three weeks of life by restricting maternal 
food consumption. Following nutritional rehabilitation, previously undernourished (PU) and control (C) rats were trained 
to operate a lever to obtain food reward on a variable interval schedule. When rates of responding had stabilised, the rats 
were tested for suppression of lever-pressing during the illumination of a light which preceded footshock There were no 
differences between PU and C groups in the acquisition of this conditioned emotional response, nor were there differences 
in suppression when a redundant, tone stimulus was presented contemporaneously with the light to predict shock. When 
the tone was subsequently tested alone for its ability to suppress lever-pressing it was found to have acquired this property 
in C, but not in PU animals. In a second experiment, PU and C rats were found not to differ in their response to the tone 
when it was presented as a novel stimulus, nor in suppression to the tone when it was made the sole predictor of footshock. 
It was concluded that PU and C rats differed in learning about a stimulus predicting footshock, only when that stimulus was 
redundant. Among the possible explanations for this behavioural difference between PU and control rats are differences in 
motivation, curiosity, or strength of conditioning. These possibilities are evaluated within the context of current formal 
theories of conditioning. 


Early life undernutrition Conditioned suppression Blocking Motivation Curiosity 


stimuli in early life, nutritionally rehabilitated, previously 
undernourished animals suffer certain learning deficits in 
adulthood, it is of considerable interest to know whether 
early life malnutrition has permanent effects on incidental 
learning. 

Some evidence that previously undernourished (PU) rats 
do differ from normally reared controls in their ability to 
learn about incidental aspects of the environment comes 
from the work of Katz, Rosett and Ostwald [14]. In a study 
of latent learning, these workers found that PU rats learned 
less than controls about a maze when allowed to explore it in 
the absence of explicit reinforcement. Recently, we tested 
the ability of PU rats which had learned to avoid electric 
shock using one environmental cue (a light), to learn about 


ON the basis of observations on latent learning, observa- 
tional learning, and learning about redundant stimuli, 
Levitsky [15,16] has suggested that malnourished animals 
fail to learn about aspects of the environment which do not 
contribute to performance of the particular task in hand. For 
example, protein malnourished pigs which have learned to 
avoid shock using one cue, fail to associate extra, redundant 
cues with punishment [16]; and malnourished rats do not 
learn as much as controls about a complex maze when they 
are exposed to it in the absence of conventional reinforce- 
ment [16]. Although these findings have been reported in the 
context of malnutrition research, it is not clear whether the 
deficits in incidental learning observed by Levitsky are long 
term consequences of malnutrition, or short term effects of 


enhanced hunger. Cohen and his colleagues, for instance, 
have reported that relatively mild food deprivation in adult- 
hood alters the ability of rats to make use of environmental 
stimuli in the performance of discrimination tasks [3,30]. Al- 
though this distinction between effects of hunger and of mal- 
nutrition is unimportant for Levitsky’s argument [16,18] 
that, as a result of impaired experience of environmental 





a second, redundant cue (a tone) predicitng the same shock 
[29]. Although there was some evidence to suggest that PU 
and control rats differed in learning about the second cue, 
the experiment was beset with difficulties in interpretation, 
since, by the time that the supposedly redundant tone 
stimulus was introduced, the rats were avoiding most of the 
shocks. They therefore had little opportunity to form an 
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association between tone and shock, and, rather, appeared 
to learn that the tone signalled absence of punishment, con- 
tingent upon the successful performance of the avoidance 
task [8]. Under these circumstances, the tone appeared to be 
established as a conditioned inhibitor in the PU, but not the 
control group. 

A task which avoids the problem of the experimental sub- 
ject learning to avoid shock before a redundant stimulus is 
introduced is the conditioned suppression paradigm which 
makes use of the observation that rats will sup- 
press performance of some baseline task in response to a 
signal predicting an emotionally significant event. In the 
present experiment we have tested the ability of PU and 
control rats to acquire conditioned suppression of lever 
pressing in response to a light which predicted shock; a re- 
dundant tone was then presented in compound with the light 
and the extent of conditioning to the added tone assessed in a 
subsequent test. 

Recently, an experiment logically rather similar to this 
‘‘blocking’’ [13] paradigm has been reported, but using a 
food motivated discrimination task in previously under- 
nourished monkeys [7]. 


GENERAL METHOD 
Animals 


The day of mating was determined for virgin female rats 
of the hooded Lister strain, by examining vaginal smears for 
the presence of sperm. Pregnant females were housed singly 
and one day before the anticipated day of parturition food 
was removed from half of them. On the day of parturition, all 
litters were culled to eight pups, consisting as far as possible, 
of six males and two females. Thereafter, mothers in the 
undernourished group (n= 10) were supplied daily in the first 
postnatal week with 10 g of standard laboratory diet (Porton 
Mouse Diet, RHM Labsure, Ltd.), in the second week with 15 
g, and in the third week with 20 g of diet. These amounts are 
about 5 g/day less than half the amount eaten by the control 
mothers fed the same diet ad lib. It is well established that 
undernutrition during this first three weeks of life exerts the 
maximum effect on brain and body growth [4]. 

From postnatal day 21 all rats were given free access to 
the diet and at 30 days the litters were separated from the 
mothers. At this time, two male pups were taken from each 
litter and one allocated to each of two experiments. Thus 
each experiment consisted of two groups: the previously un- 
dernourished (PU) group consisted of 10 pups, each from a 
different litter, whose mothers had had restricted access to 
food during the period of lactation, and the control (C) 
group, of 10 pups, each from a different litter, whose 
mothers had been well nourished during this period. All the 
rats were housed in groups of 3 or 4 per cage until experi- 
mental training began at 90-115 days of age, and then in 
individual cages for the remainder of the experiment. 


Apparatus 


The apparatus consisted of four Campden Instruments 
rodent test chambers, of internal dimensions 26x 26x20 cm, 
mounted in sound attenuating enclosures. Masking noise 
was provided by a fan mounted in the wall of the enclosure. 
The right hand lever was removed from each chamber, and 
operation of the left hand lever was programmed to deliver 
45 mg food pellets (Campden Instruments) to a food tray 
mounted in the centre of the same wall as the lever. The floor 
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of the chamber consisted of stainless steel rods which could 
be electrified to give foot shock. A loudspeaker mounted in 
the ceiling of each chamber enabled auditory stimuli to be 
presented, and, in addition to a permanently illuminated 2.8 
Watt house light mounted in the ceiling, a 2.8 Watt light 
mounted on the wall above each lever could be used for 
presentation of light stimuli. 


Behavioural Training 


At 110-135 days of age, the rats were weighed and de- 
prived of food for 23 hr daily until each rat’s weight was 90% 
of its ad lib value and at this time operant training began. 
Thereafter each rat was given sufficient food at the end of 
each day’s session to maintain its weight at the 90% value. 

Following three 30 min daily sessions in which the rats 
were trained to approach and eat from the food magazine 
immediately a food pellet was delivered, they were trained to 
press a lever, obtaining a single pellet for each press. 

Following three such sessions the rats were trained for 
five daily 30 min sessions during which food deliveries were 
available at varied intervals of 30 sec mean duration (VI 30 
sec). This pre-training procedure was common to both exper- 
iments. 


EXPERIMENT | 


In the first condition after pre-training, while the rats 
were lever-pressing for food on the VI-30 sec schedule, a 
2.8 Watt light above the lever was illuminated for 100 sec in 
every 10 min, its termination being followed immediately by 
an unavoidable 0.5 sec, 0.7 mA scrambled shock delivered 
through the floor of the test chamber. This light-shock se- 
quence occurred 3 times during each of three successive 
daily sessions. In a second condition, which also consisted of 
three 30 min daily sessions, a 75 db 1000 Hz tone was 
sounded simultaneously with the illumination of the light, 
and this compound stimulus was also followed by shock. 
Thirdly, the rat’s response to the tone alone was observed 
during two 30 min sessions each consisting of three 100 sec 
tone presentations, and finally the tone was made to predict 
shock in a further three 30 min sessions. Conditioned effects 
of the stimuli were assessed by calculating a suppression 
ratio [12], B{A + B), where B is the rate of lever pressing 
during the presentation of the stimulus, and A the rate during 
the inter-stimulus interval. Thus a ratio of 0.50 indicates no 
effect of the stimulus upon the rate of lever pressing, and a 
suppression ratio of 0.00 indicates complete suppression dur- 
ing the stimulus presentation. Following the introduction of 
shock, lever pressing rates were also reduced during the in- 
terstimulus period, presumably reflecting a generalised fear 
of the test chamber; consequently where necessary, rates of 
pressing during these periods have also been noted. 


Statistical analyses 


Two-way analysis of variance with repeated measures 
was Carried out on rates of lever pressing and on suppression 
ratios. The repeated measure was always sessions or parts of 
a session (trials) and the other factor nutritional treatment. 


RESULTS 
Body Weights 


By day 21, pups from the undernourished litters weighed 
66% less than those of control litters, (14.5 vs 42.4 g; 
1(18)=29.06, p<0.001). At 110 days, weights of the PU rats 
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FIG. 1. Values of suppression ratios in previously undernourished 
(PU) and control (C) rats during the four conditions of Experiment 1. 
The letters above each panel indicate shock contingencies. L: light 
stimulus; T: tone stimulus; S: footshock. 


were still 25% less than those of controls (282.3 vs 372.0 g; 
t(18)=7.78; p<0.001). 


Behaviour 


Rates of lever pressing increased over the VI sessions, 
F(4,69)=7.59; p<0.0001 reaching stable performance after 
2-3 days. PU rats pressed at significantly higher rates than 
controls, (804.4+50.5 vs 614.9+76.1, mean+S.E., 
presses/30 min; F(1,18)=11.47; p<0.01). When illumination 
of the light was made to predict unavoidable shock, all the 
rats came to totally suppress responding during its illumina- 
tion, F(2,36)=37.18; p<0.001, leading to reduced values of 
the suppression ratio, F(2,36)=54.73; p<0.00001. No differ- 
ence was found to exist between the PU and C groups in the 
rate at which they acquired conditioned suppression, but 
group differences in the rate of lever pressing which had 
been observed in the simple VI 30 sec condition were main- 
tained during both the *‘stimulus on’’, F(1,18)=8.82; p<0.01, 
and ‘‘stimulus off’ periods, F(1,18)=7.92; p<0.05. Indeed, 
PU rats continued to press at significantly faster rates than 
the controls during ‘“‘stimulus off’ periods throughout all 
subsequent stages of the investigation. 

Introduction of the tone in compound with the light in- 
duced no significant change in the suppression ratio, which 
remained close to baseline (Fig. 1). PU and C groups did not 
differ in either the value of the suppression ratio, or in their 
response rates during presentation of the compound 
stimulus. When the tone was presented alone, however, 
differences between the PU and C groups did emerge, in 
both the values of suppression ratio, and in the rates of re- 
sponding during the tone presentation. Control rats had sig- 
nificantly lower suppression ratios than PU animals, (Fig. 1), 
a difference which persisted over the two test sessions, 
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FIG. 2. Values of suppression ratios during the four conditions of 
Experiment 2, for previously undernourished (PU) and control (C) 
rats. L: light stimulus; T: tone stimulus; S: footshock. 


F(1,18)=6.27; p<0.05, and PU rats pressed at a higher rate 
than controls during’ the _ stimulus presentation, 
F(1,18)=6.94; p<0.02. Suppression ratio data thus provided 
clear evidence for an association having been formed be- 
tween tone and shock in the C group (Fig. 1) but very little 
indication of such an association in the PU group. 

Although the higher lever-pressing rate of the PU group 
during the stimulus presentation was also consistent with the 
PU rats having failed to associate the tone with forthcoming 
shock, there is the possibility that this difference was merely 
due to a reinstatement of the group differences in rates of 
lever pressing observed at all stages prior to the compound 
stimulus presentation (Fig. 3). 

Finally, in Experiment | when the tone was made to pre- 
dict shock, Fig. 3 shows that both groups came to suppress 
responding during tone presentations, F(2,35)=16.35; 
p<0.00001. The rate at which responding during the tone 
declined was, however, greater for the PU group as indicated 
by a significant group by day interaction, F(2,35)=4.28; 
p<0.02, as a result of the PU rats showing a higher rate of 
lever pressing during the tone in the first session of the con- 
dition (Fig. 3). This observation is again consistent with 
learning about the tone having been blocked in the PU rats. 
Although differences between the two groups in their re- 
sponse rates during tone presentations failed to reach signifi- 
cance when averaged over three sessions, F(1,18)=3.70; 
p=0.07, they were in the appropriate direction (Fig. 3). 


DISCUSSION 


In keeping with several reports on VI performance [15, 
26, 27], rats undernourished during their suckling period 
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FIG. 3. Mean lever-pressing rates during CS presentation during the 
four conditions of both experiments. O- - -O PU, Experiment 1; 
* @ C, Experiment 1; A- --A PU Experiment 2; A——A C, 
Experiment 2. L: light stimulus; T: tone stimulus; S: footshock. 


showed higher rates of lever pressing on a VI 30 sec schedule 
than did controls. However, this difference in lever pressing 
rate was not reflected in the acquistion of conditioned sup- 
pression, in which there was no difference between PU and 
C rats. Nor did differences between the groups emerge when 
a redundant, tone stimulus was presented in compound with 
the original light stimulus. Nevertheless, when the strength 
of association between the tone and shock was subsequently 
tested the C group was found to have learned the relationship 
better than the PU group: i.e., in Levitsky’s [16] terminology 
the PU group exhibited inferior redundant learning. Since no 
differences emerged between the groups when the tone 
stimulus predicted shock, it is unlikely that simple differ- 
ences between the groups in their reaction to the physical 
properties of the tone can account for the differential block- 
ing effect. The possibility remains, however, that the differ- 
ences between the two groups when the tone was presented 
alone were unrelated to the tone previously having been a 
redundant stimulus. The second experiment sought to test 
this possibility. 
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EXPERIMENT 2 


The experimental procedure was identical to that in Ex- 
periment 1 with the exception of the second condition in 
which, instead of a compound light-tone stimulus, the simple 
light stimulus continued to predict shock for a further three 
sessions. 


RESULTS AND DISCUSSION 


The PU group again showed higher lever pressing rates 
during the VI 30 sec training than did controls, but in con- 
trast to experiment | this difference narrowly failed to reach 
statistical significance at the 5% level, F(1,16)=4.26; p =0.06. 
Again there was no difference between the groups in acqui- 
sition of the conditioned emotional response, F(1,16)= 1.06; 
NS. Figure 2 shows that, in contrast to Experiment 1, how- 
ever, there were no differences between the two groups in 
suppression ratio values when the effect of the tone alone 
was tested, F(1,16)=0.06; NS, indicating that in the absence 
of any previous opportunity of associating the tone with 
shock, PU and C rats behaved towards the tone in an identi- 
cal fashion. Thus the differences between the two groups in 
response to the tone in Experiment | can be attributed to 
differences in learning about the tone when it was in com- 
pound with the previously conditioned light stimulus. 


GENERAL DISCUSSION 


The present experiments clearly show that a period of 
undernutrition in early life, followed by nutritional rehabili- 
tation, has prolonged effects on suppression to redundant 
stimuli which are paired with shock, but leaves the develop- 
ment of conditioned suppression to non-redundant stimuli 
unaffected. There are several possible explanations of the 
results, the first being not in terms of differences between 
PU and C subjects in learning about the relation between the 
added (redundant) CS and shock, but in terms of differences 
between the groups in the expression of this learning in per- 
formance. 

Learning about the added CS in both groups may be iden- 
tical. By any current theory of blocking [21,24], conditioning 
to the redundant stimulus will tend to be weak, weaker at 
least than when an equivalent number of pairings of a non- 
redundant CS and shock are given. The PU groups generally 
respond more rapidly than controls on the baseline VI 
schedule (see also [15, 26, 27]), possibly due to heightened 
motivation for food, so it is possible that the weak fear con- 
ditioned to the added CS, though identical for both groups, 
disrupts the more rapid response baseline in the PU subjects 
less, leading to a smaller suppression ratio in the PU group. 
However, this type of performance effect might also be ex- 
pected to produce suppression differences between the PU 
and C groups whenever a single CS is paired with shock (as 
for example in the first phase of both experiments and last 
phase of Experiment 2), and such differences do not occur. 
For this reason we are inclined to reject a simple ‘*perform- 
ance’ explanation of our observation. 

Other possible explanations of our results begin by as- 
suming that it is learning rather than performance which is 
affected by early-life undernutrition, specifically that PU 
subjects differ from controls in learning about the association 
between the added CS and shock. 

The lack of evidence in the present experiment for PU 
rats suppressing to a redundant stimulus paired with foot- 
shock contrasts with our previous report that PU rats were 
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better than controls in associating the identical tone stimulus 
with the successful performance of an avoidance response 
[29]. In this previous experiment, a light signalled that lever 
pressing for food reward would be punished by footshock; 
when the rats had learned to avoid shock by witholding 
lever-pressing during the light presentation, a tone stimulus 
was introduced contemporaneously with the light. Thus the 
tone signalled safety, contingent upon the correct perform- 
ance of the avoidance response [8]. When the effect of the 
tone alone was subsequently tested, it was found that the 
tone had been established as a conditioned inhibitor, increas- 
ing the rate of lever pressing when it was sounded during the 
performance of a food rewarded operant task in the PU, but 
not in the control group. Thus, taking the two experiments 
together, PU rats were worse than controls in using the sec- 
ond element of a compound stimulus when that element 
provided no additional information about footshock, but bet- 
ter than controls when there was the opportunity to associate 
the tone with the absence of shock. 

Goldberger et al. [7] have pointed out in discussing their 
finding that PU monkeys fail to learn about a redundant 
stimulus in a food rewarded discrimination test that the be- 
haviour of PU animals in this respect is in fact consistent 
with well established findings in normal animals on the 
blocking of learning about redundant stimuli [13]. The differ- 
ence between PU and control animals is one of degree; blocking 
is merely more complete in the PU animals. In attempting to 
explain this finding, Goldberger et a/. [7] argue that there are 
two reasons why animals might attach importance to novel 
stimuli. One is that such stimuli may predict biologically 
important events. The other reason is that normal animals 
are innately curious. It is this latter quality that Goldberger 
et al. [7], following Levitsky [16] argue is diminished in previ- 


ously undernourished animals. Thus, it is hypothesized that 
normal, but not PU animals will attend to, and learn about, 
features of novel stimuli irrespective of whether they corre- 
late with biologically significant events. As well as learning 
about the physical properties of the stimulus, the normal 
animals will also learn about the relationship of the novel 


stimulus to other environmental events, including, 
presumably, biologically significant ones. Thus normal 
animals may learn about redundant cues when PU animals 
do not. 

Although Goldberger et al. [7] see their suggestion as re- 
quiring a modification of current theories of animal learning, 
their observations can be formally accounted for in terms of 
Mackintosh’s views on attention and learning [21] if it is 
assumed that control animals are somehow more willing than 
PU rats to attach importance to novel stimuli. Indeed, 
curiosity may be viewed as an animal’s willingness to ex- 
plore stimuli with a view to investigating their relationships 
with motivationally important events. Thus for instance the 
tendency of rats to explore a given stimulus is enhanced if it 
has previously been associated with shock [10,11]. A formal 
exposition of why differential attention to a novel stimulus 
might account for differences in blocking between PU and C 
rats is given in the Appendix. However, neither Goldberger 
et al.’s [7] informal account, nor an account based on a 
difference between PU and C rats in their attention to a novel 
stimulus can account for both the present experiment, and 
our previous report of learning about the elements of com- 
pound stimuli. For instance, if C rats are more curious about 
novel stimuli then, where the second element of a compound 
stimulus was not redundant, but carried new information, 
that stimulus should acquire greater associative strength in C 


than in PU animals. In fact, in our previous report, where 
stimulus A signalled punishment and stimulus AB signalled 
safety contingent upon the performance of the avoidance 
response, B was established as a conditioned inhibitor in PU 
but not in C rats—the opposite result from that predicted 
from a curiosity hypothesis. 

An alternative account of the blocking phenomenon is 
that of Rescorla and Wagner [24]. According to this explana- 
tion, the strength of conditioning of a CS to any given UCS 
will have a maximum, asymptotic value, achieved after a 
number of CS-UCS pairings. When the strength of condition- 
ing of any stimulus, A, to the UCS approaches this asympto- 
tic value, A, then the possible strength of conditioning of 
another stimulus X, to the UCS approaches zero. Thus 
differences between the PU and C groups in conditioning of 
the tone could come about either because of differences in 
the strength of conditioning of the light, or because for the 
given UCS, footshock, the theoretical asymptotic value for 
the strength of conditioning, A, was higher for the C group. 
The fact that the rate of acquisition of conditioned suppres- 
sion was similar for the PU and C groups might be taken as 
evidence that the strength of association between the light 
and shock was similar for the two groups, so that, on this 
account, the difference between the PU and C rats must 
derive from a higher value of A for the C group; informally, 
the C rats had a higher capacity for learning. Again, how- 
ever, it is difficult to account for superior inhibitory condi- 
tioning in PU rats using similar logic. 

An alternative explanation of the present results comes 
from the idea that PU rats may be hyper-responsive to certain 
stimuli including shock and food [25]. For instance, it has 
been pointed out that PU rats have lower thresholds for re- 
action to electric shock [19,28] leading to improved perform- 
ance in passive avoidance tasks [17, 19, 27]. Although we 
failed to find differences between PU and C rats in learning 
to avoid shock in a modified Geller-Seifter avoidance task 
[29], and there were no differences in the rate at which lever 
pressing was suppressed during a CS predicting shock in the 
present report, it remains a possibility that differences in 
responsiveness to shock could account for the differences 
which subsequently emerged between the two groups in re- 
sponse to the redundant tone stimulus. 

It is well established that strength of conditioning of a 
given CS depends on the intensity of the unconditioned 
stimulus [1,23] and it is therefore likely that the heightened 
sensitivity to shock of the PU rats resulted in them forming a 
stronger association than controls between the light CS and 
the shock UCS. In both Mackintosh’s [21] account, and that 
of Rescorla and Wagner [24], the strength of conditioning of 
stimulus A will determine the degree of blocking of another 
stimulus, B, when it is presented in compound with A, thus 
accounting for the greater extent of blocking in the PU 
animals. Furthermore, Wagner [31] has demonstrated that 
increasing the amount of prior conditioning with stimulus A, 
i.e., increasing the strength of association between stimulus 
A and the UCS, established stimulus B as a more effective 
conditioned inhibitor when AB signalled omission of rein- 
forcement. In our previous report, we found conditioned in- 
hibition more easily established in the shock-sensitive, PU 
rats. Thus both the present finding on blocking, and our 
previous report on differences between PU and control rats 
in conditioned inhibition are accounted for if it is assumed 
that, as a result of increased shock sensitivity, the strength of 
conditioning to the light was greater for the PU than for the 
control animals. 
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A problem with this explanation, however, is that if the 
strength of conditioning to the light was greater for the PU 
than for the control group, then this should have manifested 
itself in a more rapid acquisition of suppression to the light 
during the first phase of the experiment. The fact that it did 
not may be attributable to a floor effect, but a more convinc- 
ing explanation comes from observations that the degree of 
suppression engendered by a CS depends upon the baseline 
response rate upon which it is imposed. At high baseline 
rates under conditions of high drive or incentive [22] or 
high density of reinforcement [20] animals show less sup- 
pression when a shock-predictive stimulus is presented than 
when performing the baseline response at low rates under 
conditions of low motivation or low density of reinforce- 
ment. Since PU rats were performing the food rewarded 
lever-pressing at higher rates than controls, and this 
heightened rate of lever-pressing is usually attributed to en- 
hanced motivation [26,27] we might have expected that the 
PU rats would show less suppression than controls during 
acquisition of the CER. That they did not suggests that the 
strength of conditioning to the light was indeed greater for 
the PU animals. Thus the similarity between the PU and 
control animals in the rate of acquisition of the suppression 
response during the light may not have indicated an identity 
in the rate of conditioning, but the cancelling of the more 
rapid conditioning of the PU rats (resulting from their en- 
hanced shock sensitivity) by their reduced suppression, 
(arising as a consequence of the PU rats’ faster rates of 
lever-pressing for food). 

This argument that differences in the level of food moti- 
vation and shock sensitivity between PU and control animals 
can account for the differences in conditioning that we have 
observed does have the advantage of appealing to a mech- 
anism, enhanced motivation, that is well documented in 
undernutrition research. Furthermore, a similar line of 
argument explains the finding of Goldberger et al. [7] of in- 
creased blocking in PU monkeys. If we assume that the 
monkeys in that experiment, in common with other previ- 
ously undernourished animals [2, 9, 27] exhibited enhanced 
motivation for food, then the greater blocking of condition- 
ing to an added stimulus in the PU monkeys can be attributed 
to a greater strength of conditioning to the original stimulus 
as a consequence of increased hunger. Although Goldberger 
et al. [7] explicitly reject a motivational explanation of their 
results, the only evidence adduced to support their conten- 
tion that the PU and control monkeys were equally moti- 
vated is that the four monkeys in each group showed similar 
latencies to perform the discrimination task. 

At present, the problems involved in comparing results 
from very different sorts of experiments involving 
response-dependent shock [29] or food [7], or response- 
independent shock (present study), make the drawing of any 
simple conclusions about attention and learning in PU 
animals difficult. On the other hand, the suggestion that 
undernutrition, whether followed by nutritional rehabilita- 
tion or not, mainly affects learning about stimuli which are in 
some sense redundant or uninformative about biologically 
significant events seems clearly supported by the present 
results, as well as those of Goldberger et al. [7] and Katz er 
al. [14] and would appear to have some validity. Further 
investigations of learning in PU animals, particularly if car- 
ried out within the framework of formal learning theories, 
should help to clarify how such otherwise vague concepts as 
**motivation’’ and ‘‘curiosity’’ contribute to this effect. 
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APPENDIX 


Undernutrition, Curiosity, and a Formal Theory of 
Conditioning 


Consider a blocking experiment with a stimulus (A) fol- 
lowed by the unconditioned stimulus (UCS) during an initial 
conditioning phase. According to Mackintosh [21] the as- 
sociative strength of A, V,, changes according to 


AV,=a,B(A—- Va) (1) 


where AV, is the increment in V, occurring on a single 
trial, a, the salience of A (a parameter governing A’s as- 
sociability with the UCS), 6 a factor concerned with the 
conditioning effectiveness of the UCS, and A the asymptote 
of associative strength (the maximum value of V,) that the 
UCS will support. 

Following conditioning of A, a second stimulus, B, is 
added and the AB compound is followed by the same UCS as 
before. Mackintosh [21] defines B as redundant if 


|A—Vp]>|A-Va} (2) 


If A has already been conditioned, as in the procedure 
outlined above, this condition will be met. Conditioning to B 
is then blocked as a consequence of a reduction in the value 
of a, which not only reduces the amount of associative 
strength accruing to B, but also prevents any already existing 
associative strength of B from being manifested in perform- 
ance. Specifically, the change in the value of ag, Aag, is 
negative for redundant stimuli, and positive for those that are 
not redundant. The size of Aag depends upon how redundant 
B is, and is proportional to 


|A-—V,|- A-V, (3) 


with larger negative changes in a, the larger the value of 
(3). 


One possible explanation of differential blocking in the 
PU and C groups is that, although all the values in (2) and (3) 
are the same in both, az is initially larger for the C subjects 
when B is introduced. Thus, although Aa, is negative for 
both groups, and decreases to the same extent in both over 
the AB trials, conditioning to B is stronger in the control 
group because az is initially at a higher level for these sub- 
jects. This might be equivalent to C subjects having greater 
‘‘curiosity’’ with ‘‘curiosity’’ defined in terms of Mackin- 
tosh’s [21] theory as the level of a, for any novel stimulus, 
X, with curious subjects having higher values than non- 
curious ones. Informally, this is equivalent to saying that 
curious subjects are more prepared than non-curious ones to 
associate novel stimuli with subsequent important events. 

Some problems of the suggestion that PU rats are less 
curious are outlined above. Additionally, while the sugges- 
tion that C rats have higher a values for novel stimuli than 
PU subjects accounts for the differential blocking observed, it 
might also be expected to lead to differences in conditioning 
to the initially presented stimulus, A, particularly when, as in 
the present experiment, A is novel on its first conditioning 
trial. Possibly, hypothesized differences in values between 
the groups lead only to significant differences in rates or 
levels of conditioning when conditioning is weak, as it is to 
the added stimulus, B, in a blocking experiment. When con- 
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ditioning is strong, as when A is originally presented alone 
followed by the UCS, any small differences in a that might 
obtain have little influence on conditioning rates. Consistent 
with this, the difference in blocking that occurs in the two 
groups is one of degree, with weak conditioning to the tone 
in the C group contrasting with the very weak conditioning to 
it by the PU group. 

Whatever the ultimate validity of such an analysis, it does 
serve to show that differences in ‘‘curiosity,’’ at least as they 


might manifest themselves in simple conditioning experi- 
ments, might be fruitfully defined within a formal system 
such as that of Mackintosh. 
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(SHR) rats and indicate that genetically determined increases in arterial blood pressure are not necessarily associated with 
sympathetic-adrenal medullary and behavioral hyperresponsivity to stress. 
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levels of norepinephrine (NE) and epinephrine (EPI) when 
stressed by exposure to intermittent footshock [2, 24, 25], 
anticipation of footshock [23], immobilization [18,28], or in- 
direct measurement of blood pressure [1]. In addition, SHR 
rats were more reactive behaviorally when placed in a novel 


THE sympathetic nervous system plays a critical role in 
normal cardiovascular homeostasis [20]. In addition, the 
findings of several studies suggest that abnormalities in the 
regulation of sympathetic nerve activity may be involved in 
the development and maintenance of spontaneous hyper- 


tension in animals [10, 11, 13, 24] and of essential hyperten- 
sion in humans [7, 8, 9, 17]. 

To examine the relationship between sympathetic nerve 
activity and the development of elevated blood pressure, 
several studies have utilized the spontaneously hypertensive 
(SHR) rat. This strain and its Wistar-Kyoto normotensive 
(WKY) control were developed by Okamoto and his co- 
workers through selective inbreeding and represent a valu- 
able animal model for human essential hypertension [30, 37, 
42]. Previous studies from this laboratory have shown that 
SHR rats are more responsive than WKY rats to acute stress 
based upon several physiological and behavioral measures. 
For example, SHR rats had greater increments in plasma 





environment [26], when tested in an open field arena [14, 29, 
40], and when tested in an operant conditioning paradigm 
[33]. 

Several explanations have been advanced to describe the 
relationship between behavioral and physiological responses 
of SHR rats and their genetically determined increases in 
arterial blood pressure. These include the following: (a) a 
common genetic etiology of hypertension and the behavioral 
or physiological characteristic, (b) a sequential dependence 
between the onset of high blood pressure and the appearance 
of the behavioral or physiological characteristic or vice versa 
and (c) random fixation of the various traits at the time of 
selective inbreeding for high blood pressure [38]. 
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In order to characterize further the relationship between 
genetically determined models of hypertension and behav- 
ioral and sympathetic-adrenal medullary hyperresponsive- 
ness to acute stress, we have examined the behavioral and 
physiological responses of New Zealand hypertensive 
(NZH) and normotensive (NZN) rats to acute stress. The 
New Zealand strains were developed by Smirk and his col- 
leagues by selective inbreeding of a colony of Wistar rats 
[36]. Over the past 10 years, the mean systolic blood pres- 
sure of the hypertensive strain (>170 mmHg) has averaged 
40-50 mmHg higher than the normotensive strain [34,35]. 
For this study, plasma levels of NE and EPI and mean arte- 
rial blood pressure and heart rate were measured in unre- 
strained NZH and NZN rats during exposure to intermittent 
footshock. In addition, the behaviors of NZH and NZN rats 
were measured during testing in an open field arena. In both 
of these test conditions, SHR rats have been reliably differ- 
ent from normotensive WKY controls. 


METHOD 


Animals 


Adult male New Zealand hypertensive (NZH) and nor- 
motensive (NZN) rats were obtained from Zivic-Miller Lab- 
oratories, Allison Park, PA. Rats were housed individually in 
Wahmann suspended cages and were allowed at least two 
weeks to acclimate to this laboratory prior to experimenta- 
tion. Laboratory chow and water were available con- 
tinuously and the vivarium was on a 12-hour light-dark 
photoperiod (lights on at 0600 hours) at a temperature of 
21-23°C. 


Proc edure 


Beginning at 10-12 weeks of age, NZH and NZN rats 
(N=10 per strain) were tested daily for 3 consecutive days in 
an open field arena. The open field was a square, open 
plywood box (12012030 cm) that was painted flat black 
and divided by lines into 25 squares (24 cm on a side). Illumi- 
nation was provided by overhead fluorescent lights. For 
each test, an individual rat was taken in its home cage to an 
adjacent room and placed into the center of the arena. Be- 
haviors were then recorded for 5 minutes by a single ob- 
server and included the following: number of squares 
entered with the forepaws, number of rears, and number of 
fecal boli deposited. After each test, the open field was 
cleaned with a dilute soap solution and all tests were con- 
ducted between 1100—1500 hours. 

At least one week after the last open field test, NZH and 
NZN rats (310-410 g) were anesthetized with pentobarbital 
(35-40 mg/kg) and a PESO catheter was inserted into the 
ventral caudal artery as described by Chiueh and Kopin [1]. 
A 2 cm incision was made through the ventral tail sheath 
near the base of the tail and the artery was exposed and 
elevated. The catheter was inserted approximately 2 cm up 
into the artery and secured with two sutures (size 00). The 
tubing was then led under the tail sheath and skin to exit at 
the back of the neck. A 30 cm length of spring wire was 
placed over the tubing and secured to the rat with an adhe- 
sive tape collar. The tubing was filled with 0.9% saline that 
contained 300 IU heparin per ml and the end was occluded 
with a | ml disposable syringe. 

After surgery, rats were housed individually in plastic 
cages (25x25x15 cm) and laboratory chow and water were 
available continuously. The spring wire was led out the top 
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of the cage and the rat was able to move freely to all parts of 
the cage. Patency of the catheter was maintained with infu- 
sions of 0.5 ml of the heparinized saline in the early morning 
and late afternoon. 

Two days after surgery, basal blood samples (0.5 ml) were 
collected from NZH and NZN rats between 0900-1030 
hours. Care was taken not to disturb the rats at any time 
during blood sampling. An equal volume of heparinized 
saline (100 IU/ml) was infused slowly into the catheter after 
each blood sample. Next, mean arterial blood pressure 
(MABP, mmHg) was measured by attaching the end of the 
catheter to a Statham pressure transducer (model P23ID) 
with tracings made on a Grass multichannel polygraph 
(model 78D). Heart rate (HR, beats/min) was measured with 
a Grass tachometer (model 7P44) that was triggered by fluc- 
tuations in arterial blood pressure. 

Each rat was then transferred to a shock box [22] and 
after 4 minutes a train of 10 scrambled footshocks (2.0 mA, 
0.6 sec duration, every 6 sec) was delivered through the grid 
floor. Blood samples (0.5 ml) were obtained beginning | 
minute after transfer to the shock chamber and immediately 
and 10 minutes after the termination of footshock. Tracings 
of MABP and HR were made immediately after each blood 
sample was collected and the volume replaced with 
heparinized saline (usually 1—-1.5 min). 


Assay of Plasma Catecholamines 


Blood samples were collected in iced 10x75 mm glass 
tubes and centrifuged at 4000 = G at 4°C for 10 minutes and 
the plasma was removed and stored at —20°C. Within 3 
weeks, plasma samples were assayed for amounts of NE and 
EPI by a radioenzymatic-thin layer chromatographic method 


[6, 31, 39]. After precipitation of proteins with 0.6 N HCIO,, 
100 xl samples of plasma were incubated at 37°C for 90 min- 
utes with partially purified rat liver catechol-O-methy! trans- 
ferase and *H-S-adenosylmethionine. The reaction was 
stopped by adding borate buffer (pH 8.0) and unlabeled 
metanephrine and normetanephrine. The O-methylated 
amines were extracted into toluene: isoamyl alcohol (3:2) 
and back extracted into 0.1 N acetic acid. After drying 
overnight in vacuo, the amines were dissolved in methanol 
and separated by thin layer chromatography. The areas 
corresponding to *H-normetanephrine and *H-metanephrine 
were visualized under ultraviolet light, scraped into 20 ml 
counting vials, oxidized to *H vanillin by addition of NalO, 
and quantified by liquid scintillation spectrometry. In- 
cluded in each assay in quadruplicate were perchloric acid 
blanks and internal standards of pooled plasma samples with 
and without 500 pg of NE and of EPI. The sensitivity of the 
assays (values equal to twice the blank) was less than 8 pg for 
both amines. 


Statistical Analysis 

A two-tailed t-test for paired or unpaired samples as ap- 
propriate was used to evaluate the significance of differences 
between means. 


RESULTS 


As summarized in Fig. 1, NZH and NZN rats did not 
differ in their levels of activity (squares entered) or fre- 
quency of rearing across the 3 open field tests. On test day 3, 
NZH rats deposited fewer fecal boli than NZ rats (p<0.05). 
Rats of both strains habituated to the test procedure, as evi- 
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FIG. 1. Behavioral responses of New Zealand hypertensive and 
normotensive rats during a 5 minute test in an open field arena on 
each of 3 consecutive days. Measures were taken of activity 
(number of squares entered), rearing and number of fecal boli de- 
posited. Values are means for 10 rats per group and vertical bars 
denote one S.E.M. 


denced by decreases in activity and rearing with repeated 
testing (Fig. 1). 

Plasma levels of NE and EPI did not differ between NZH 
and NZN rats when blood samples were obtained from con- 
scious, undisturbed animals while in their home cages. The 
basal MABP of NZH rats was approximately 40 mmHg 
higher than NZN rats (p<0.001) although basal HR’s did not 
differ (Table 1). 

The mild stress of handling and transfer of rats to the 
shock chamber was attended by significant increments 
above basal values in plasma NE and EPI for normotensive 
and hypertensive rats (p<0.05). The strain difference in 
transfer-induced increments in plasma EPI approached but 
did not attain statistical significance (0.05<p<0.10). Expo- 
sure to the intense stress of inescapable footshock resulted in 
significant increments above basal values in plasma NE and 
EPI, ranging from 350-820% (p<0.001). Plasma levels of 
both catecholamines remained elevated in rats of both 
strains 10 minutes after footshock (p’s<0.01). However, 
there were no strain differences in footshock-stimulated ele- 
vations in plasma levels of NE or EPI (Fig. 2). 


TABLE | 


PLASMA LEVELS OF NOREPINEPHRINE (NE) AND EPINEPHRINE 

(EPI) AND MEASURES OF MEAN ARTERIAL BLOOD PRESSURE 

(MABP) AND HEART RATE (HR) IN CONSCIOUS UNDISTURBED 
NEW ZEALAND HYPERTENSIVE AND NORMOTENSIVE RATS 





Normotensive Hypertensive 





NE (pg/ml) 70 + 38 366 + 30 
EPI (pg/ml) 3+ 29 143 + 30 
MABP (mmHg) + 4 166+ 9 
HR (beats/min) } + 14 345+ 8 





Values are means + S.E. for groups of 11-13 rats 
*p <0.001 (two-tailed /-test) 
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FIG. 2. Increments above basal values in plasma levels of norepi 
nephrine (NE) and epinephrine (EPI) for New Zealand hypertensive 
and normotensive rats after transfer to a shock box (TRANSFER) 
and immediately (FS) and 10 minutes after exposure to one minute 
of intermittent footshock (10' POST FS). Values are in ng/ml and are 
means for 5—12 rats per group and vertical bars denote one S.E.M. 
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As shown in Fig. 3, transfer from the home cage to the 
shock chamber resulted in significant increases in MABP for 
NZH rats (p<0.05) and in HR for rats of both strains 
(p’s<0.001). The stress of footshock was attended by de- 
creases in MABP for NZH (p<0.05) and NZN rats and in- 
creases in HR for rats of both strains that ranged from 120- 
145 beats/min above resting levels (p’s<0.001). Ten minutes 
after the termination of footshock, MABP’s approached rest- 
ing levels but HR’s remained elevated (p’s<0.01) (Fig. 3). 


DISCUSSION 


The present findings indicate that the New Zealand 
strains of genetically hypertensive and normotensive rats are 
remarkedly similar in their behavioral and physiological re- 
sponses to a variety of stressful stimuli. When tested in an 
open field arena, NZH and NZN rats did not differ in levels 
of activity or rearing during a 5 minute test on each of 3 
consecutive days. In contrast, several studies have reported 
that levels of activity and rearing during open field testing are 
consistently higher in SHR rats compared to normotensive 
WKY rats across a wide age range [14, 29, 40]. 

A second aspect of this study concerned the comparison 
of sympathetic-adrenal medullary activity and cardiovascu- 
lar measures of NZH and NZN rats while resting and undis- 
turbed and following exposure to mildly or intensely stressful 
stimuli. Levels of NE and EPI in plasma were measured to 
provide an accurate assessment of the functional state of the 
sympathetic nervous system and the adrenal medulla [5, 15, 
19]. NE in plasma is derived primarily from sympathetic 
nerve endings while EPI enters the circulation almost exclu- 
sively from the adrenal medulla [16,27]. A recent study has 
shown that the half life of both catecholamines in blood is 
approximately | minute [41]. Plasma levels of NE and EPI 
did not differ between NZH and NZN rats when blood sam- 
ples were obtained from undisturbed rats in their home 
cages. This finding indicates that basal sympathetic-adrenal 
medullary activity is unchanged in adult male NZH rats de- 
spite significant elevations in arterial blood pressure. Similar 
results have been obtained in this laboratory for SHR and 
WKY rats [18,25]. Baseline values for heart rate were also 
similar in NZH and NZN rats. In at least one previous study 
[21], heart rates in adult NZH rats were significantly higher 
than for NZN rats. However, this strain difference and the 
higher values for heart rate (375-425 beats/min) may have 
been influenced by the stress associated with the measure- 
ment (i.e., light ether anesthesia, restraint, and heating). 

NZH and NZN rats also presented similar patterns of 
sympathetic-adrenal medullary responsiveness to the stress 
of transfer of the shock box and exposure to footshock. In 
addition, rats of the two strains had equal reductions in 
sympathetic-adrenal medullary activity following the train of 
footshocks, as indicated by similar plasma levels of NE and 
EPI 10 minutes after footshock. Again, these findings are in 
direct contrast to similar studies which have compared SHR 
and WKY rats. In general, SHR rats have been reported to 
have excessive elevations in plasma catecholamines follow- 
ing exposure to a range of stressful stimuli [18, 23, 25, 28]. In 
addition, the hyperresponsivity of the sympathetic-adrenal 
medullary system of SHR rats has been implicated in the 
development and maintenance of high blood pressure 
[11,12]. 

The contribution of the sympathetic nervous system to 
the development and maintenance of high blood pressure in 
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FIG. 3. Increments (A) from basal values in mean arterial blood 
pressure and heart rate for New Zealand hypertensive and nor- 
motensive rats after transfer to a shock box (TRANSFER) and im- 
mediately (FS) and 10 minutes after exposure to one minute of in- 
termittent footshock (10' POST FS). Values are means for 5S—13 rats 
per group and vertical bars denote one S.E.M. 


NZH rats is unclear. Studies by Clark and his co-workers 
demonstrated that partial destruction of the sympathetic 
nervous system by neonatal injections of antisera to nerve 
growth factor [3] or of the catecholamine neurotoxin, 
6-hydroxydopamine [4], attenuated the increase in systolic 
blood pressure of NZH rats. Although these studies are 
suggestive of a role for the sympathetic nervous system in 
genetic hypertension, several methodological shortcomings 
must be considered. These include: (1) the blood pressures 
of sympathectomized NZN rats were also reduced below 
those of vehicle-injected controls, (2) immunosympathec- 
tomy with nerve growth factor antisera produced only a par- 
tial destruction of peripheral sympathetic nerves, and (3) pe- 
ripheral injections of 6-hydroxydopamine to neonatal rats 
depleted the brain as well as peripheral tissues of catechol- 
amines. The effects of central catecholamine depletion were 
not controlled and may have contributed to the observed 
decreases in blood pressure [4]. Finally, Phelan [32] found no 
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differences in the turnover rates of 7H-NE in several periph- 
eral tissues of NZH and NZN rats at 100 days of age and 
concluded that the sympathetic nervous system was not a 
critical element in maintaining high blood pressure. 

In summary, the present findings demonstrate that adult 
New Zealand hypertensive and normotensive rats are quite 
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similar in their behavioral and sympathetic-adrenal medul- 
lary responses to stressful stimulation. These results are in 
direct contrast to similar studies of spontaneously hyperten- 
sive (SHR) rats and demonstrate that behavioral and sympa- 
thetic hyperresponsivity to stress is not necessarily associ- 
ated with genetically determined increases in blood pressure. 
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BROMM, B. AND E. SCHAREIN. Response plasticity of pain evoked reactions in man. PHYSIOL. BEHAV. 28(1) 
109-116, 1982.—Pain estimation (E), evoked cerebral potential (EP), electrooculogram (EOG), electromyogram of with- 
drawal reflex activity (EMG) and skin conductance reaction (SCR) were measured in response to electrical skin stimuli in 
11 male volunteers (age 21-31 years). Constant current stimuli (20 msec; 2, 3, 6, 10 mA) were applied to a finger tip 
(averaged pain threshold at 5.1 mA). Interstimulus intervals (20-40 sec) and stimulus intensities were delivered in quasi- 
randomized order, each intensity appearing 40 times per session. Four sessions were repeated with intervals of two days 
between sessions. With randomized stimulus intensities, power spectral density functions of the prestimulus EEG indi- 
cated a stable non-specific arousal level between and within sessions. Under these conditions no significant response 
plasticity was found for E and EP, not in the prepain or the pain range, and also not between or within sessions. In contrast, 
the amplitudes of EOG, EMG and SCR decreased drastically with time, especially between the first and second session, 
and between the first 10 and second 10 stimuli of equal intensity in each session. EP and E remained highly correlated in 
repeated sessions. A EOG-EP contamination could be ruled out because of their different time course to repeated stimuli 
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IN pain research, motor or vegetative reactions as well as 
cerebral potentials, evoked by noxious stimuli, have mostly 
been used in order to objectify pain experience and pain 
relief, both in animals and in humans (for review see [8,23]). 
Attempts to quantify effects of analgetic drugs or procedures 
have usually been carried out through comparisons of reac- 
tion amplitudes measured with and without treatment, either 
in the same subject at different times or in different subjects. 
In both experimental designs, however, effects of response 
plasticity to repeated noxious stimuli could mask drug in- 
duced changes of the reactions measured. The time courses 
of nociceptive reaction to repeated painful stimuli has not yet 
been studied in detail. 

This paper describes systematic changes in response 
magnitudes to repetitive skin stimuli in the prepain and in the 
pain range, within and between identical sessions. Usually 
only one or two nociceptive reactions have been regarded in 
algesimetric experiments with humans, such as the nocicep- 
tive withdrawal reflex of stimulated limb (cf. [5]), the 
skin conductance reaction (cf. [5,29]), stimulus induced 
changes in the electrooculogram and electroencephalogram 
(cf. [3, 4, 7, 8]), and subjective pain ratings (cf. [14, 18, 23]). 
We studied the whole set of variables in the same subjects 
simultaneously. Our interest was to examine response plas- 
ticity of these reactions in relation to repeated stimuli over 
time. 

It is well known that reaction amplitudes depend on the 
arousal level of the subject [16, 26, 28]. Therefore, in our 
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experiments the level of activation was monitored by 
measuring the spectral power density of the baseline electro- 
encephalogram [17]. The stimulus intensities (two in the pre- 
pain and two in the pain range), as well as the interstimulus 
intervals, were delivered in quasi-randomized order to 
achieve a stable arousal level throughout the entire session. 
Because of their best reproducible application [18,29], trans- 
cutaneous electrical constant current pulses were chosen as 
pain stimuli. 


METHOD 
Subjects 


The investigations were performed on eleven male volun- 
teers, paid medical students, aged 21 to 31 years. The sub- 


jects were right handed, free of medication and without his- 


tory of neurological diseases. No psychological abnor- 
malities were detected using the *‘Freiburg Personality In- 
ventory’’ [10]. Because of the demonstrated dependence of 
the amplitude of evoked cerebral potential on the power 
spectral density of the prestimulus electroencephalogram 
(EEG) [1,4], only subjects were selected, for whom the rela- 
tive contribution of the a-band to the total power of the 
prestimulus EEG segments did not exceed the arbitrary 
cut-off score of 30% (for quantification see below). 


Stimuli 


Electrical constant current stimuli, consisting of 20 msec 


‘A preliminary report of partial results was presented at the XXVIII International Congress of Physiological Sciences [3] 


2Supported by the DFG (Deutsche Forschungsgemeinschaft). 
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TABLE | 


MEASURED REACTIONS AND THEIR QUANTIFICATION 





EP: Averaged Evoked Cerebral Potential 


Lead: 


analysis period: 
sampling frequency: 
system band pass: 
number of summations: 
quantification: 


EOG: Electrooculogram 
Lead: 

analysis period: 
sampling frequency: 


system band pass: 
quantification: 


EMG: Electromyogram 
Lead: 
sampling frequency: 


system band pass: 
quantification: 


vertex (Cz) versus linked ears; 

electrode impedance less than 3k 

500 msec after stimulus onset 

1000 Hz 

0.16-30 Hz 

40 

amplitude differences (uV) between the 
peaks N150 and P230; P, N: relative posi- 
tivity, negativity of C,; numbers denoting 
mean peak latencies (msec) 


inferior-lateral versus superior-lateral, 
left eye 

500 msec after stimulus onset 

1000 Hz 

0.16-30 Hz 

rectified voltages, integrated between 30 


and 500 msec after stimulus onset (uV - sec) 


transcutaneously over the left extensor 
digitorum muscle (bipolarly) 

1000 Hz 

60-500 Hz 

rectified voltages, integrated between 30 
and 200 msec after stimulus onset (f’V - sec) 


SCR: Skin Conductance Reaction 


Lead: 

sampling frequency: 
system band pass: 
method: 


quantification: 


ET: Subjective Pain Estimation 


Method: 


quantification: 


tenar versus hypotenar, left hand 

20 Hz 

0.02-5 Hz 

measurement of the skin conductance with 
sinusoid alternating voltage (10 Hz, 0.85 Vpp 
[30]). 

maximum reaction amplitudes (uS = uwmho) 
within 1.5 sec and 3 sec after stimulus onset 


verbally reported ratings in a categorial 
scale, 5 sec after stimulus application 
prepain (tactile sensation): no (0), faint (1) 
moderate (II), strong (III) sensation; 

pain: faint (IV), moderate (V), strong (VI), 
very strong (VII) pain. 





trains of 200 Hz rectangular monophasic waves were applied 
groundfree to the tip of the left middle finger (electrode di- 
ameter 1.2 mm), using stainless steel electrodes attached 
with a small amount of conducting jelly. The indifferent ring 
electrode was placed around the finger at 10 mm distance. 


Reactions 
The investigated reactions to the skin stimuli are listed in 


Table 1, together with parameters of their measurement and 
quantification. Subjects were grounded on the left forearm. 
Electrical contact to skin, for all recordings, was made via 
Ag/AgCl disc electrodes filled with 0.05 M NaCl electrolyte 


(electrode diameters 6 mm). The EEG was recorded 
monopolarly between vertex (Cz in the international 10-20 
system) and linked earlobs as reference. The electrodes were 
attached to shaved scalp sites with collodion. EEG- and elec- 
trooculogram (EOG)-activity was amplified through a 
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Beckman Accutrace. Poststimulus EEG segments, each of 
500 ms duration, were averaged for 40 stimuli of equal inten- 
sity, resulting in an averaged evoked cerebral potential (EP), 
whose main components are usually denoted by polarity and 
peak latency. 

The most marked motor reaction to the stimuli was an 
extension of the stimulated finger [5]. The magnitude of this 
withdrawal reflex was determined by the electromyogram 
(EMG) of the muscle mainly involved in this movement, with 
the normal bipolar technique. Skin conductance reaction 
(SCR) was recorded bipolarly over the inner surface of 
the left hand. A constant voltage was applied through the 
electrodes and changes in skin conductance were measured 
by a differential amplifier with an accuracy of +0.02 wmhos. 
For artifact control of SCR, the respiration frequency was 
recorded with a nasal thermistor. Subjective estimation (E) 
was rated verbally by means of a categorial scale ranging 
between faint sensation and very strong pain. In order to 
avoid overlapping effects due to verbalisation of the experi- 
enced pain, a faint sound 5 sec following stimulus applica- 
tion, signaled the subjects to verbally scale their sensation. 


Procedure 


The measurements were carried out under uniform con- 
ditions (minimum noise environment, temperature 22-24°C, 
comfortably supported subjects, closed eyes, time of day 
around 10.00 a.m.). After a preliminary session, in which the 
subject was familiarized with the experimental procedure, 
four experimental sessions were performed each separated 
by a two day interval. In all sessions, and for all subjects the 
stimulus sequence was identical. At the beginning of each 
session the range of stimulus intensity to be expected was 
presented. 

Stimulus intensities were chosen according to the mean 
threshold intensity measured in a similar population (15 sub- 
jects, mean pain threshold=4.8+1.2 mA). Four different 
stimulus intensities (S,,=2, 3, 6, 10 mA), two of them in the 
prepain range and two in the pain range, were delivered by 
microcomputer in quasi-randomized order with interstimulus 
intervals varying between 20 and 40 sec (mean interstimulus 
interval=30 sec), each intensity appearing 40 times per ses- 
sion. Each session lasted about one hour. 


Data Analysis 


Variables were continuously recorded during the entire 
session, digitized and stored on disc, along with parameters 
of stimulation, sensation and event markers. For further 
evaluation a PDP 11/34 computer sampled the response am- 
plitudes for equal stimulus intensities, and extracted param- 
eters for quantification as shown in Table 1. Each reaction 
parameter was standardized and subjected twice to a two- 
way analysis of variance with repeated measures [9]: 
stimulus intensity (4)x<session (4), and stimulus intensity 
(4)xblock of trials within session (4). Linear and quadratic 
trend analyses were performed for the main effects, in order 
to assess the profile of amplitude change over time and over 
intensity. To monitor the non-specific arousal within and 
between sessions, the power spectral density function of 
each prestimulus EEG segment (Ssec) was computed (Fast 
Fourier Transformation), after weighting the first and last 
10% of all segments by a split cosine bell function to reduce 
effects of leakage due to the finite duration of the analyzed 
time series [2]. Mean power densities, each averaged for 40 


subsequent prestimulus EEG segments in the session, were 
computed for the conventional frequency bands: 8(0.5-3.5 
Hz), 3%(3.5-7.5 Hz), a(7.5-12.5 Hz), B(>12.5 Hz). 


RESULTS 


The pain threshold intensity, defined as that current 
strength producing pain with a probability of 0.5, resulted in 
the investigated sample (11 subjects) in a median value of 5.6 
mA and a mean value of 5.1 mA. In spite of a great interin- 
dividual variance of these values (interquartil range Q, =4.6 
mA, Q,=6.0 mA; standard deviation (s.d.)=0.9 mA), the 
individual pain threshold remained quite constant in re- 
peated sessions (mean Pearson product moment correlation 
coefficient 0.88). As such, two intensities (2 and 3 mA) were 
generally rated as nonpain (a prickling or pressure sensation) 
and two intensities (6 and 10 mA) as pain. 


Decrement of Reaction Amplitudes Between Sessions 


Figure | shows a typical experiment, consisting of 4 re 
peated sessions, for one subject. As described under 
methods, four different stimulus intensities were applied in 
quasi-randomized order, at the end of each session each in 
tensity had appeared 40 times. In Fig. | only reactions to the 
highest electrical skin stimulus intensity S,,=10 mA, which 
nearly always were reported as painful, are documented. In 
the upper line of Fig. | the subjective estimation (E) is plot- 
ted for each single 10 mA stimulus. In spite of considerable 
fluctuations in the pain ratings the mean pain ratings were 
approximately constant during repeated sessions, with a 
small decrease of approximately one category between the 
first and the later sessions, for this subject. In contrast, the 
skin conduction reaction (SCR) plotted for each stimulus 
S.,= 10 mA, shows a systematic decrease in mean amplitudes 
from session to session. This demonstrates the remarkable 
response decrement of the vegetative reflex response. The 
more the individual was familiarized with the experimental 
procedure and with the kind of stimulation, the less 
pronounced was the SCR. 

Below in Fig. | original recordings are represented for the 
averaged evoked cerebral potential (EP) and for the elec- 
trooculogram (EOG). For this the poststimulus EEG and 
EOG segments were sampled and averaged for all 40 inten- 
sities S,,=10 mA appearing in each session. The EP showed 
typical waveforms within the 500 msec analysis period, 
which are in agreement with those reported (for review see 
[8]). With strong stimuli, which induced pain, the late com- 
ponents N150, P230, N330, P400 became prominent. It must 
be mentioned that the later components N330 and P400 could 
only be observed if subjects with a low power in the alpha 
band of the spontaneous EEG activity were selected [4], as 
done in this study. Subjects with a high amplitude low fre- 
quency baseline EEG often showed an alpha synchroniza- 
tion above 300 ms after onset of the stimulus. 

The electrooculogram (EOG) as a gross motor reaction 
exhibited a remarkable decrement in response amplitude 
from session to session, as well as the nociceptive reflex 
amplitude (EMG) of the extensor digitorum muscle. For 
comparison, the EOG was averaged over the 40 stimuli 
S.,=10 mA per session, which demonstrated that the contri- 
butions of EOG on EP or vice versa were much lower than 
usually is supposed in such experiments. Generally it is very 
difficult to separate the influence of stimulus induced eye 
movements on EEG recordings. Our study, however, allows 
such a separation because of the different time course in 
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FIG. 1. Response decrement over sessions; recordings of one subject. Responses to S,,=10 mA were selected. Subjective 
estimation (E) measured in a categorial scale (IV and more denoting pain) and skin conductance reaction amplitudes (SCR, 
uS=umho); both reactions are given for each stimulus S,,= 10 mA in the session. Evoked cerebral potentials (EP) recorded 
over vertex (C,, upward deflection denotes negativity of C,), and electrooculogram (EOG); both reactions are averaged 
over the n=40 stimuli (S,,=10 mA) within each session for an analysis time of 500 msec. 
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TABLE 2 


DEPENDENCY OF PAIN REACTIONS ON STIMULUS INTENSITY AND REPEATED 
SESSIONS: F-RATIOS OF THE TWO-WAY ANALYSIS OF VARIANCE 





Source df E 


EP EOG EMG SCR 





Intensity 3/30 
Linear trend 1/30 
Quadratic trend 1/30 0.65 

Session 3/30 1.35 
Linear trend 1/30 1.49 
Quadratic trend 1/30 1.32 

Intensity <x Session 9/90 1.72 


8.244 
32.014 


5.57# 6.037 6.417 6.637 
17.323 14.79% 9.357 10.87% 
1.43 1.14 0.82 1.72 
1.86 12.373 5.197 5.647 
2.01 25.483 13.177 8.137 
1.63 8.914 6.43* 5.17* 
1.09 1.13 0.87 1.25 





df: degree of freedom. 
*n<0.05. 

*p<0.01. 

tp<0.001. 


amplitude reduction of these two variables. Only in the very 
early components (<100 msec) of the EPs, could myogenic 
contributions not be excluded (cf. [27]). 

Different subjects showed remarkably different reactions 
to the same stimulus intensity. Therefore, to compare the 
results of different subjects, all physiological responses first 
had to be standardized. For this the individual reaction pa- 
rameters, which were quantified as described under methods 
(Table 1), were divided by the corresponding individual 
maximum values. This kind of standardization was possible 
since subjects who reacted to equal stimulus intensities with 
low responses, did the same in all sessions, and subjects with 
high response amplitudes always reacted with high ampli- 
tudes. Since the EP were averaged over the 40 identical 
stimulus intensities appearing in each session, for compari- 
son all the other variables were similarly averaged over the 
40 identical stimuli, for each subject and for each session. 
Figure 2 represents the averaged results obtained from the ! | 
subjects, for S,,=10 mA (the strongest stimulus intensity 
applied). By the standardization procedure all ordinates of 
the evaluated parameters became dimensionless (<1.0). 
Whereas the averaged values of E and EP did not show any 
significant time dependence over repeated sessions, all the 
other reactions (EOG, EMG, SCR) revealed a strong decre- 
ment in response amplitudes from session to session, as de- 
scribed above. 

The same findings could be observed and quantified for 
all stimulus intensities applied. This is documented in Table 
2, in which the results of the two-way analyses of variance 
are summarized for all variables measured. The data 
analysed are the 176 intraindividual mean values (11 sub- 
jects, 4 stimulus intensities, 4 sessions), averaged for 40 
identical stimulus intensities, for E as well as for the stan- 
dardized reaction parameters EP, EOG, EMG, and SCR. All 
response magnitudes increased with increasing stimulus in- 
tensities, independent of the session number, with a signifi- 
cant linear trend. The reactions EOG, EMG and SCR de- 
creased from session to session, independent of stimulus in- 
tensity. Both the linear and quadratic trends were signifi- 
cant, indicating a strong decrease of reaction amplitudes, 
especially between the first and second session. In contrast, 
subjective pain rating as well as evoked potential (quantified 
by the N150-P230 amplitude difference) did not show any 
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FIG. 2. Response decrement over sessions; all subjects. Mean val- 
ues and their standard errors (11 subjects) of the reactions to the 40 
stimuli S,,=10 mA in each of the four sessions. E: subjective esti- 
mation (IV and more denoting pain). EP: amplitude differences 
(N150—P230) of the averaged evoked cerebral potentials. EOG 
rectified and integrated electrooculograms. EMG: rectified and inte 
grated electromyograms of the extensor digitorum muscle. SCR 
skin conductance reaction amplitudes. For interindividual compari- 
son the individual reactions were divided by their corresponding 
maximum value (standardization). 


significant dependence on session, for all stimulus intensities 
applied. 


Decrement of Reaction Amplitudes Within Sessions 


To investigate the time course of the pain evoked reaction 
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FIG. 3. Response decrement within sessions; all subjects. Mean 
values and their standard errors (11 subjects) of the reactions to 40 
stimuli S,,=10 mA during different trials in all the four sessions. E: 
subjective estimation (IV and more denoting pain). EP: amplitude 
differences (N 150-P230) of the averaged evoked cerebral potentials. 
EOG: rectified and integrated electrooculograms. EMG: rectified 
and integrated electromyograms of the extensor digitorum muscle. 
SCR: skin conductance reaction amplitudes. For interindividual 
comparison the individual reactions were divided by their corre- 
sponding maximum value (standardization). 


amplitudes within the single sessions, the total stimulus se- 
quence in each session was divided into four blocks of trials 
which describe the reactions to the first, second, third and 
fourth blocks of 10 stimuli of equal intensity in each session. 
The reactions of each block were then averaged over the four 
sessions of each subject; as such intraindividual mean val- 
ues, averaged over 40 equal stimuli of all regarded reaction 
parameters, were again subjected to analysis of variance. 
For the interindividual comparison of each subject the mean 
values were divided by the corresponding maximum value 
within each session. Figure 3 represents the results for the 
highest stimulus intensity S,,=10 mA. A similar time de- 
pendence was found for all stimulus intensities applied. The 
statistical comparison of reactions in different trials within 
each session again reveals a strong amplitude decrement of 
the motor reflexes EMG, F(3,30)=5.13; p<0.01, and EOG, 
F(3,30)=5.16; p<0.01, which seems to reach a steady state at 
the end of each session. And once again, subjective estima- 
tion (E) as well as the evoked cerebral potential (EP) yielded 
fairly constant values in all blocks of trials. Remarkably the 
skin conduction reaction (SCR) did not show any significant 
change in amplitude within the single sessions. 

To control the arousal level within and between sessions 
separate two-way analyses of variance (blocks of trials 
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TABLE 3 


INDEPENDENCY OF THE PRESTIMULUS EEG POWER DENSITY OF 
BLOCKS WITHIN SESSION AND OF REPEATED SESSIONS: 
F-RATIOS OF THE TWO WAS ANALYSIS OF VARIANCE 





Source df Delta Theta Alpha __— Beta 





Block of trials 0.74 1.49 0.93 1.76 

Session 2.09 1.94 1.72 1.06 

Block of trials 1.47 1.41 1.19 1.82 
x Session 





df: degree of freedom. 
All F-ratios were nonsignificant at a level of 0.05. 


(4) x sessions (4)) were performed for the mean power of the 
frequency bands in the prestimulus EEG, as described under 
methods. As shown in Table 3, no systematic changes of the 
averaged prestimulus spectral densities in the four frequency 
bands (5, 3, a, 8B) were found, neither from session to ses- 
sion, nor between subsequent blocks of trials within each 
session. As such, the application of skin stimuli in ran- 
domized intensities and randomized interstimulus intervals 
seems to be an appropriate method to guarantee a constant 
high arousal level during the entire stimulation period. 


DISCUSSION 


The present study analyses changes in motor reaction, 
skin conductance reaction, cerebral potential and stimulus 
rating in response to repeated electrical stimulation of the 
skin in man. The main result was that the evoked cerebral 
potential as well as the subjective stimulus estimation did not 
show significant changes in response amplitudes to stimulus 
repetitions, neither within nor between sessions, whereas 
the other more peripheral reactions exhibited a systematic 
amplitude decrement under repeated stimulation. These re- 
sults hold true under the experimental condition that differ- 
ent stimulus intensities were applied in quasi-randomized 
order in each session. 

Variability of neuronal substrates of behaviour to re- 
peated identical stimuli has been commonly attributed to the 
general level of arousal, excitation, vigilance, or activation 
of the subject investigated (cf. [26,28]). For instance, Lader 
[16] stated that habituation is inhibited if the tonic level of 
arousal is increased by specific experimental procedures. 
The arousal level, however, is not easy to define, and pa- 
rameters describing the *‘state’’ of the subject are difficult to 
extract. After reviewing correlations between measures of 
behaviour, central nervous system activation and autonomic 
responses, Lacey [15] challenged the concept of a unique 
dimension of arousal. To monitor at least some aspects of the 
arousal or activation system, the frequency spectrum of the 
EEG immediately preceeding the stimulus was analysed 
[17]. In preliminary experiments we observed that repeated 
stimulation with constant stimulus intensity resulted in sig- 
nificant and systematic changes of the spectral density func- 
tions during the session. Our findings agree with those that 
show that monotone stimulation in long lasting experiments 
cause a decrease of the unspecific arousal level [21], some- 
times resulting in drowsiness of the subject. The present 
investigation shows that repeated stimulation with ran- 
domized intensities resulted in a considerably constant corti- 
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cal arousal level within sessions, as far as this can be esti- 
mated with a stable power density distribution of the 
baseline EEG. 

In pain research, it is known that subjective estimation of 
noxious stimuli do not exhibit marked changes in response 
amplitude (cf. [14]). As shown in the present study, the same 
was true for the evoked cerebral potential, quantified by the 
N150—P230 peak to peak amplitude difference. As such, the 
often reported correlation between subjective estimation and 
parameters of the cerebral potential evoked by non-noxious 
and noxious stimuli [7,8] was not affected when the same 
experimental procedure was repeated. The stability of cere- 
bral potentials evoked by noxious stimuli has not yet been 
described in detail. Experiments concerning the time course 
of evoked potentials have been carried out in the visual, 
acoustical and somatosensory systems, using mostly stimuli 
of rather low intensities and short interstimulus intervals 
(0.5-S sec, for review see [6,22]). Under these condi- 
tions single components of cerebral potentials evoked by 
repeated stimulation have shown a rapid decrease within the 
initial stimuli [11,19]. These effects, however, diminished when 
the interstimulus interval was increased to more than 10 sec 
[12,20], in agreement with our present findings using mean 
interstimulus intervals of 30 sec and randomized stimulus 
intensities. 

All the other reactions measured revealed a strong dec- 
rement in response amplitude to repeated skin stimuli, 
especially between the first and second sessions. Since 
Sherrington’s classic studies of spinal reflex activity [25], it 
is known that polysynaptic motor reflexes, for example the 
nociceptive withdrawal reflex, exhibit strong plasticity. 
Especially habituation of flexor reflex amplitudes to re- 
peated electrical stimuli has been investigated in detail by 
Thompson and coworkers (cf. [13,28]). Most of Thompson's 
experiments were conducted using spinal animals (cats), 
such that the habituation process had to occur in the course 
of nervous information transmission through interneurons 
in the spinal cord. In the intact organism these proc- 
esses are influenced by supraspinal control [13]. On the ba- 
sis of such investigations Thompson and Spencer [28] in- 
troduced a specific operational definition of the term 
‘habituation’ for the reversible decrement in the amplitude 
or probability of a response to repeated presentations of 
similar stimuli, excluding receptor or effector fatigue. Al- 
though the reversibility of the EMG amplitude decrement in 
the present study can partly be seen by comparing the initial 
response amplitudes of each session, we wish to avoid the 
term ‘‘habituation’’, since several main characteristics of 
habituation according to Thompson and Spencer could not 
be demonstrated with the chosen experimental design (e.g. 
dishabituation). 

Due to its amplitude decrement from session to session 
the withdrawal reflex seems to be less applicable to quantifi- 
cation of pain. Only with a careful experimental layout, in- 
cluding a series of preliminary sessions in which the subjects 


are completely familiarized with the stimulus intensity range 
applied, may the withdrawal reflex be used in algesimetric 
studies. A special motor reflex is the stimulus induced eye 
movement, a dominant component in the electrooculogram 
(EOG). It is difficult to separate cerebral potentials from 
potentials due to eye movements. The different time de- 
pendence of response decrement of EOG and EP, however, 
permitted the assertion that contaminations of EOG with EP 
were less imposing than was commonly supposed (cf. [27]). 

The skin conductance reaction (SCR) also showed a sys- 
tematic decrease in amplitude from session to session, simi- 
lar to those for EMG and EOG. SCR is often interpreted as a 
measure of emotion, anxiety, or novelty, influenced by the 
limbic system and brainstem reticular formation [24,30]. As 
such, a decrement in mean response amplitude with increas- 
ing number of identical sessions was expected. As the sub- 


ject became more and more familiarized with the experi- 


mental surroundings, the novelty of the experimental session 
decreased. No significant changes in reaction amplitudes of 
SCR could be observed within sessions, applying randomized 
stimulus intensities. We assume that using this procedure, 
the degree of stimulus novelty remained approximately con- 
stant throughout each session, whereas the session novelty 
decreased. On the other hand, subjective pain ratings did not 
show systematic changes between sessions, i.e. the painful- 
ness of the total stimulus sequence was the same in each 
session. As such, the different time course of SCR habitua- 
tion within and between sessions may support the conclusion 
[24] that in some situations the degree of pain influences the 
SCR amplitude less than the novelty of the stimulus. 

Sokolov [26] differentiating between orienting and de- 
fense reactions, derived his theory of the orienting reflex 
partly from measurements of SCR amplitudes in response to 
repetitive stimuli. With weak stimulus intensities the orient- 
ing reflex showed a marked response decrement, whereas 
strong stimuli elicited defense reactions with little or no 
changes in amplitude to repeated stimulation. Habituation of 
motor reflex activity showed a similar dependence on 
stimulus intensity. Thompson and Spencer [28] defined that 
habituation is an inverse function of stimulus intensity. 
Thusly, in response to strong stimuli no significant habitua- 
tion may occur. This became one of the main characteristics 
of their definition of the inferred construct ‘‘habituation’’. In 
our investigations, stimulus intensities covered a broad 
range from ‘“‘faint sensation’’ to ‘‘very strong pain’’. 
Nevertheless, no dependence of the response decrement to 
repeated stimuli on stimulus intensity was observed. None of 
the measured reactions showed a different time dependence 
when different stimulus intensities were applied. The reasons 
for these findings may again be seen in the specific experi- 
mental procedure: randomized stimulus intensities, half 
being painful, and mean interstimulus intervals of 30 sec. As 
such, in every session each stimulus was anticipated by the 
subject as potentially painful. 
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SAHAKIAN, B. J., C. BURDESS, H. LUCKHURST AND P. TRAYHURN. Hyperactivity and obesity: The interaction 
of social isolation and cafeteria feeding. PHYSIOL. BEHAV. 28(1)117—124, 1982.—Rats were reared in social isolation or 
in social groups of 4 or 5 rats per cage from weaning and were fed either a lab chow diet or a diet of 4 palatable foods 
(cafeteria diet), in addition to the lab chow. The hyperactivity of isolation-reared rats appears to be a reactivity to novel 
environmental stimuli, since it was seen only in the 0.5 hr tests and not in the near 24 hr test. It was found that hyperactivity 
and increased body weight can develop within as few as 7 to 10 days in rats reared in isolation from weaning. Cafeteria 
feeding enhanced activity in isolation-reared rats, but suppressed it in group-reared rats. Isolation-reared rats fed a 
cafeteria diet had strong, stable preferences for their most preferred food over the 25 days of measurement. Rats reared in 
isolation had significantly different food preferences, as compared with rats reared in groups. Cafeteria fed rats had a 
significantly greater calorie intake and body weight than rats fed lab chow. On analysis, cafeteria fed rats had significantly 
greater carcass energy and an increased amount of parametrial white adipose tissue as compared with rats fed only lab 
chow. The interscapular brown adipose tissue (IBAT) weights of cafeteria fed rats were also greater. However, as there 
was no difference between the cafeteria and chow fed rats in the total amount of protein in the IBAT, it was concluded that 


the increased weight of the IBAT did not reflect a genuine hypertrophy of the tissue 


Cafeteria-feeding Hyperactivity 
Behavioral activation 


Isolation-rearing 
Brown adipose tissue 


RATS reared in social isolation have been shown to be more 
active as adults when tested in a novel open field or photocell 
cages, as compared with rats reared in social groups [9,19]. 
Furthermore, isolation-reared rats show other signs of in- 
creased behavioral activation in that they show an enhanced 
response to novelty in tests of exploratory behavior [18]. 
Indirect evidence that this increased behavioral activation 
reflects greater arousal as mediated by catecholamine neuro- 
transmitter systems is given by the finding of enhanced oral 
response to tail pinch [17], a behavior shown to depend on 
the integrity of catecholamine systems [1], and by the reports 
of enhanced stereotypy responses’ induced by 
amphetamine-like drugs and reduced barbiturate-induced 
anaesthesia responses [3,19]. 

This behavioral evidence of increased activation in iso- 
lates may be accompanied by changes in central catechola- 
mine systems. For example, Segal and colleagues [24] found 
an increase in tyrosine hydroxylase activity in the neo- 
striatum, which suggests increased dopaminergic (DA) activ- 
ity, and Thoa and colleagues [26] have reported increased 
DA turnover in the olfactory tubercle of isolated rats. Evi- 
dence of changes in noradrenaline turnover and receptor 
sensitivity by isolation has been reported by Weinstock and 
colleagues [29]. Finally, isolated rats show enhanced norad- 
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renaline (NA) fluorescence in central NA cell bodies when 
exposed to sweet food [8]. 

The present study examines the possible interaction be- 
tween the isolation-induced changes in activation and the 
dietary obesity model developed originally by Sclafani [21- 
23]. The rationale is that changes in eating behavior have 
often been linked with elevated ‘‘arousal’’, ‘‘activation’’, 
‘“‘reactivity’’ or ‘‘externality’’ in both animals and man [13]. 
Therefore, it would be valuable to study directly a possible 
interaction of a behavioral manipulation inducing hyper- 
phagia and obesity, with another behavioral manipulation 
producing elevated activation. It is rare to study such an 
interaction involving purely behavioral manipulations. 

Isolation-reared rats may also have increased body 
weight as adults, as compared with rats reared in social 
groups [10,16]. These weight gains are apparently accom- 
panied by increased food intake in the daytime with no 
change at night [10]. 

Sclafani [21-23] has demonstrated that rats fed novel, 
palatable foods will become obese. In addition, he and his 
colleagues have reported that body weights of rats fed either 
these palatable, varied diets or lab chow are not altered by 
housing adult rats in isolation in standard lab cages as com- 
pared with housing them in social groups in cages containing 
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a complex environment [23]. Thus, like the enhanced re- 
sponse to amphetamine-like drugs, the increased body 
weight induced by isolation appears to be another effect 
which depends on rearing the rats in this condition as op- 
posed to housing them as adults individually [3]. Other in- 
vestigators have since used this procedure of feeding rats 
many palatable foods (cafeteria feeding). Rolls and Rowe 
[14] found that rats become overweight while Brooks et al. 
[2] found no significant difference between the body weights 
of the rats fed a cafeteria diet and those fed a control lab 
chow diet, in spite of the overeating of the cafeteria rats. 
Cafeteria feeding in this latter study resulted in a near doubl- 
ing of interscapular brown adipose tissue mass and total 
protein content. This hypertrophy in response to cafeteria 
feeding was found to be associated with increased heat pro- 
duction following a meal (diet-induced thermogenesis) [15]. 
Hence substantially more energy was lost as heat in cafeteria 
fed rats as compared with control lab chow fed rats. 

In a recent review by Trayhurn and James [28] of diet- 
induced thermogenesis, it was suggested that the reason why 
certain investigators find that cafeteria feeding induces obe- 
sity in rats, while others find that it does not, is a function 
both of strain, and more importantly, of age of onset of the 
cafeteria feeding. It was pointed out that those studies show- 
ing that obesity occurs on cafeteria feeding have all used 
adult rats, while high diet-induced thermogenesis has been 
obtained using younger animals. 

The purpose of the following experiments was to investi- 
gate the development of the hyperactivity and hyperphagia 
of isolation-reared rats and to see if the overeating of isolates 
could be potentiated by exposing them to food stimuli with 
potent activating properties, cafeteria foods. A second pur- 
pose was to determine whether changes in brown adipose 


tissue played a role in body weight changes of isolation- 
reared cafeteria fed rats. 


METHOD 


EXPERIMENT I 


Subjects 


The subjects were 32 female Hooded Lister rats (OLAC 
1976 Ltd., Bicester, Oxon, England). At weaning (17 days of 
age) the rats were divided into 4 groups of 8 animals and 
these groups were matched by weight and, as near as possi- 
ble, by litters. 

The rats in 2 of the groups were housed individually in 
cages (33 x 16 x 12.5 cm)}~isolation-reared rats—while the 
other 2 groups were housed 4 rats per cage (45 x 28 x 12.5 
cm)}~group-reared rats. One group of isolation-reared rats 
and one group of group-reared rats were fed standard labora- 
tory rat chow (chow-fed rats) while the remaining 2 groups 
were fed 4 highly palatable foods in addition to the standard 
laboratory rat chow (cafeteria-fed rats). Hence the 4 groups 
were: ‘ 

1. Isolation-reared, cafeteria-fed rats (n=8; 8 cages) 

2. Isolation-reared, chow-fed rats (n=8; 8 cages) 

3. Group-reared, cafeteria-fed rats (n=8; 2 cages) 

4. Group-reared, chow-fed rats (n=8; 2 cages) 

The housing room was maintained at 24°C and the lighting 
in the room was on a 12 hr on, 12 hr off schedule (8.00-20.00 
hr on). 


Foods 
The cafeteria foods were selected so as to be very similar 
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in caloric density. The energy value of the 4 cafeteria foods, 
‘Mars’ bar, cheddar cheese, marzipan (a confection of 
crushed almonds, sugar and egg whites), and ginger cookies, 
and of the lab chow are 441, 406, 443, 456 and 275 Kcal per 
100g respectively [11]. 


Procedure 


Body weight. Every day at 16.00 hr, each rat was re- 
moved from its homecage, weighed and then immediately 
returned to its homecage. 

Food intake. At 16.00 hr each day, all foods, including 
spillage, were removed and weighed, and weighed quantities 
of fresh food were then immediately placed in the rats’ 
cages. 

In order to assess the individual food preferences of the 
group-reared rats, when the rats were between 42 and 45 
days of age, both grouped and isolated rats were placed in- 
dividually in the photocell cages with food and water avail- 
able ad lib for approximately a 24 hour period (22.33 hr) 
during which each rat’s food intake was measured. 

The weighed values of cheese were corrected by subtract- 
ing 14 % from the weighed values as this was the appropriate 
correction determined by 24 hr water loss experiments. No 
other foods required correction to weighed values. 


Locomotor Activity 


Locomotor activity was measured by means of photocell 
cages. Each of the 12 wire photocell cages (40 x 25 x 20cm) 
had two equally spaced horizontal infra-red photocell beams 
across the long axis. The photocell cages were housed in a 
separate test room. 

At 20, 22 and 24 days of age, each rat was placed in a 
photocell cage and its locomotor activity (number of photo- 
cell beam interruptions) was measured for a 0.5 hour period. 

At between 42 and 45 days of age, each rat was placed ina 
photocell cage with food and water available for approx- 
imately a 24 hour period. The photocell cages were moved 
into the rats’ housing room during this period. 


Tissue Weights and Carcass Energy 


At 57 days of age, the isolation-reared rats were killed by 
an over-dose of anaesthetic. The liver, parametrial white 
adipose tissue, and interscapular brown adipose tissue were 
dissected out and weighed. The tissues were then frozen, 
and with the exception of the brown adipose tissue, they 
were added to the remainder of the carcass for the determi- 
nation of body energy [27]. In addition, the amount of 
protein in the brown adipose tissue was determined using a 
modified Lowry procedure [20], as an indicator of whether 
changes in the weight of the tissue were related to changes in 
metabolic activity. The carcasses were cut into large pieces 
and ‘softened’ by autoclaving at 10m kg/m? for 30 min [7]. 
They were then homogenised using an MSE blade 
homogeniser, freeze-dried, and the energy content deter- 
mined by bomb calorimetry, using a Gallenkamp (A. Gallen- 
kamp and Co. Ltd., London, U.K.) automatic adiabatic 
bomb calorimeter (Model CB-100). 


EXPERIMENT II: RATS LEFT UNDISTURBED 
Subjects 


Thirty six additional rats were reared in a similar fashion 
as those in Experiment I, except that they were left undis- 
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turbed on days when not tested to minimize the arousal in- 
duced by handling. One group of rats was housed individu- 
ally (n=18, 18 cages) and the other group was housed in 
groups of 4 or 5 rats per cage (n= 18, 4 cages) since weaning 
(14 days). 


Procedure 


Rats were weighed and tested in the photocell activity 
cages for a 0.5 hr period at 14, 15, 18, 20, 23, 25 and 27 days 
of age. Otherwise the rats were left undisturbed. 


RESULTS 


EXPERIMENT I 
Body Weight 


The data for body weights were analysed using a 3-factor 
analysis of variance [30] with rearing condition, diet condi- 
tion, and days as factors. 

The rats fed the cafeteria diet weighed significantly more 
than those fed the laboratory chow diet, F(1,28)=12.053, 
p<0.01 (Fig. 1). However, there were no overall differences 
in body weight between the rats reared in isolation and those 
reared in groups, nor was there a significant interaction be- 
tween rearing condition and diet condition. 

There was a highly significant diet condition x days inter- 
action, F(25,700)= 13.172, p<0.001, indicating that the signif- 
icant increase in body weights of rats fed a cafeteria diet as 
compared with those fed a laboratory chow diet developed 
over days. 


Food Intake 


The food intake data (number of kilocalories consumed) 
were analysed using a 3-factor analysis of variance, with 
rearing condition, diet condition, and days as factors. There 
were values for each of the isolation-reared rats since they 
were housed individually, hence 8 subjects in each of the 2 
groups. However, since only a single value per cage could be 
obtained from each of the group-reared rats’ cages, it was 
decided to treat the mean reading from each cage as one 
subject, thus making 2 subjects in each of the 2 groups. 
Therefore an analysis for unequal numbers of subjects in 
groups was used. 

The calorie intake of the cafeteria-fed rats was signifi- 
cantly greater than that of the laboratory chow fed rats, 
F(1,16)=54.694, p<0.001 (Fig. 2). Again, however, there 
was no difference between rats reared in isolation and those 
reared in social groups, nor was there a rearing condition x 
diet conditon interaction. 


Food Intake (Number of Kcal Consumed) 


There was no significant difference between isolation- 
reared rats and group-reared rats in the amount of energy 
consumed during the near 24 hr period in the photocell 
cages. The cafeteria fed rats ate significantly more energy 
than chow fed rats, F(1,28)=57.873, p<0.01. 


Food Preferences of Isolation-reared Rats in Home Cages 


A Friedman analysis of variance by ranks [25] was per- 
formed on the individual total caloric intake values of the 
cafeteria-fed isolation-reared rats, as data for individual 
animals were available. There was a significant difference 
between the rats in their order of preference of the 5 cafeteria 
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FIG. 1. Body weights (means) of the rats from 17-43 days of age 


diet foods (x,?=15.1, df=4, p<0.01), as determined by the 
energy eaten over the 25 days of measurement. Table | 
shows that the most preferred food as assessed by this 
method is also the most preferred food for 7 out of 8 of the 
rats if preference is determined by the percentage of days on 
which a particular food is preferred (greatest number of Kcal 
consumed). Unlike the other rats, rat 16 while taking the 
most energy as cheddar cheese over the 25 days, preferred 
cheddar cheese on only 8 of the 25 days, while it preferred 
marzipan on 12 of the days. 


Food Preferences of Isolation-reared and Group-reared 
Rats in Photocell Cages 


In the photocell cage test, 7 out of the 8 cafeteria-fed 
isolation-reared rats preferred cheddar cheese, while only 
one of the 8 cafeteria-fed group-reared rats did (Figs. 3 and 
4). Evaluation of this striking finding by means of a Fisher 
Exact Probability Test [25] revealed that it is highly signifi- 
cant (p<0.01), indicating that an animal's rearing condition 
can affect its food preferences. Further evidence for this 
conclusion is found in the data of ginger cookie preference 
during the 22.33 hr period. Ginger cookies were the least 
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FIG. 2. Caloric intake (mean number of Kcal consumed) of the rats 
from 18-43 days of age. 


TABLE 1 


PERCENT OF DAYS ON WHICH THE RAT’S MOST PREFERRED 
FOOD ON A PARTICULAR DAY IS IDENTICAL TO ITS MOST 
PREFERRED FOOD, AS DETERMINED OVER ALL DAYS 





Rat % Days Overall Most Preferred Food 





96 Cheddar Cheese 

68 Mars Bar 

32 Cheddar Cheese 

88 Cheddar Cheese 

92 Lab. Chow 

92 Cheddar Cheese 

68 Cheddar Cheese 
Cheddar Cheese 





liked food for 6 out of 8 of the isolation-reared rats; however, 
this was true for only | of the 8 group-reared rats. This 
significant difference (po <0.05) again argues that the determi- 
nation of food preferences is influenced by experiential fac- 
tors. 

While it cannot be stated with certainty that the food 
preferences of the group-reared rats tested individually re- 
flected their preference when tested in groups, examination 
of the mean data under both conditions suggests that this is 
the case. 
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FIG. 3. Caloric intake (Kcal consumed) of each of the 4 cafeteria 
foods and of the lab chow for each of the 8 isolation-reared rats in 
the cafeteria diet condition. 


Locomotor Activity 

0.5 hr period. Again, a 3 factor analysis of variance was 
used to analyze the locomotor activity data from the three 
0.5 hour test periods. 

Isolation-reared rats were significantly more active than 
group-reared rats, F(1,28)=25.626, p<0.001 (Fig. 5). 

As there was a highly significant rearing condition x days 
interaction, F(2,56)=17.747, p<0.001, each of the three 0.5 
hr periods was analyzed separately. These separate analyses 
revealed that while there was no significant difference in 
locomotor activity between isolation-reared and group- 
reared rats at 20 days of age, by 22 days of age, isolation- 
reared rats were significantly more active than group-reared 
rats, F(1,28)=26.014, p<0.001. 

There was no significant difference between the two diet 
conditions. The rearing condition x diet condition interac- 
tion was significant, F(1,28)=5.277, p<0.01. As can be seen 
from Fig. 5, while the isolation-reared cafeteria fed rats are 
more active than the isolation-reared lab chow fed rats, the 
group-reared cafeteria fed rats are Jess active than the 
group-reared lab chow fed rats. 

Near 24 hr period in photocell cages. The locomotor ac- 
tivity totals during the near 24 hr period in the photocell 
cages were analyzed by a 2-factor analysis of variance. 
There was no significant difference between the activity of 
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FIG. 4. Caloric intake (Kcal consumed) of each of the 4 cafeteria 
foods and of the lab chow for each of the 8 group-reared rats in the 
cafeteria diet condition. 


isolation-reared rats and group-reared rats, nor between rats 
fed a cafeteria diet and those fed a lab chow diet (Mean + 
S.E.M. : Isol. caf.=15319+952, Isol. chow=15370+ 1205, 
Group’ caf.=12660+1117, Group chow=14631+878; 
F(1,28)=2.652, n.s.). Furthermore, no interaction between 
these 2 factors was found. 

However, as before, the isolation-reared rats were signif- 
icantly more active than the group-reared rats during the first 
0.5 hr of the near 24 hr period, F(1,28)=14.960, p<0.001. 


Tissue Weights and Carcass Energy 


As can be seen from Table 2, isolation-reared rats fed a 
cafeteria diet had significantly greater body weights and car- 
cass energies than those fed a lab chow diet. Furthermore, 
the parametrial white adipose tissue and the interscapular 
brown adipose tissue of the cafeteria diet rats weighed signif- 
icantly more than those of the lab chow rats; however, there 
was no significant difference between the 2 groups in liver 
weights (Table 2). Inspection of Table 2 shows that there was 
no significant difference between the 2 groups in the total 
amount of protein in the interscapular brown adipose tissue 
(cafeteria fed=19.3+1.9; chow fed=22. 1=1.08, 
df=14, n.s.). This finding indicates that the greater weight of 
the brown adipose tissue in rats fed a cafeteria diet does not 
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FIG. 5. Locomotor activity (mean number of photocell beam inter- 
ruptions) of the rats during the 0.5 hr test sessions at 20, 22 and 24 
days of age. 
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TABLE 2 


BODY WEIGHT, CARCASS ENERGY, TISSUE WEIGHTS AND AMOUNT OF PROTEIN IN THE INTERSCAPULAR BROWN ADIPOSE TISSUE OF 
ISOLATION-REARED CAFETERIA FED RATS AS COMPARED WITH ISOLATION-REARED LAB. CHOW FED RATS 





Body Carcass 
Weight Energy 
(g) (KJ per rat) 


Mean + S.E.M. 


Parametrial 
White 
Adipose 
Tissue 
Weight (g) 


Interscapular 
Brown Adipose 
Tissue Weight 

(g) 


Amount of 
Protein in the 
Interscapular 

Brown 

Adipose 

Tissue 
(mg per tissue) 





Isolation- 

reared 180.3 + 3.1 
Cafeteria fed 

Rats 


2180 + 46 


Isolation- 
reared 

Lab. Chow fed 
Rats 


t=14.60 
df=14 


p<0.002 


Student's t=6.28 
t-test df=14 
[30] p<0.002 


8.019 + 0.129 


7.543 + 0.314 


t=1.40 
df=14 
non-significant 


2.033 + 0.195 


0.738 + 0.089 


0.399 + 0.027 


0.306 + 0.020 


t=1.08 
df=14 
non-significant 





reflect a genuine hypertrophy in the tissue, but merely an 
increase in the amount of triacylglycerol. 


EXPERIMENT II: RATS LEFT UNDISTURBED 
Body Weight 


Isolation-reared rats were significantly heavier than 
group-reared rats, F(1,34)=7.889, p<0.01. In addition, there 
was a significant rearing condition x days interaction, indi- 
cating that this difference between the 2 groups in body 
weight developed over days, F(6,204)= 19.011, p<0.001. 

By 23 days of age, the isolation-reared rats had signifi- 
cantly greater body weight than the group-reared rats as de- 
termined by a Student’s f¢-test [30] (Mean+S.E.M.: 
Isol. =55.2+1.6; Group = 48.2+1.2;1=3.42, df 34, p<0.002). 


Locomotor Activity 


The isolation-reared rats were significantly more active 
than the rats reared in social groups, F(1,34)=7.147, 
p<0.025. This difference between the 2 groups developed 
over days (rearing condition Xx days interaction = 
F(6,204)=3.083, p<0.01). Student's t-tests were used to 
analyze the data on individual days, and this confirmed that a 
significant difference between isolation-reared rats and 
group-reared rats had developed by 23 days of age (Mean + 
S.E.M.: Iso.=378+78; Group=209+25; 1=2.07, df 34 
p<0.05). 


DISCUSSION 


The findings of the present experiment confirm earlier 
reports of Sclafani, Rolls and others that feeding rats a palat- 
able diet with a selection of foods can induce an increase in 
caloric intake and body weight as compared with rats fed a 
lab chow diet [14,21]. 


To our knowledge, this is the first report of diet-induced 
weight gain in weanling rats. Gold and his associates have 
reported [4] that weanling rats fed a supermarket (cafeteria) 


diet do not begin to outweigh chow fed controls until about 8 
weeks of age. Similar delayed onset weight gains have been 
observed in weanling rats fed a high fat diet [12] or sucrose 
solutions [5]. 

The data on tissue weight and carcass energy have shown 
that this increased body weight of cafeteria-fed rats is due 
(probably almost entirely) to a greater accumulation of white 
adipose tissue. Although complete energy balance studies 
are needed before firm conclusions on the profiles of energy 
intake and expenditure ir cafeteria-fed and chow-fed rats can 
be made, it seems clear that the female rats used in the 
present study deposited a substantial proportion of their ex- 
cess energy intake and it is unlikely that there was any major 
increase in ‘regulatory’ diet-induced thermogenesis. The in- 
crease in interscapular brown adipose tissue in rats fed a 
cafeteria diet as compared with those fed a lab chow diet 
does not appear to reflect a genuine hypertrophy of this tis- 
sue as reported by Rothwell and Stock and co-workers [2,15] 
in their rats since there was no significant difference between 
the 2 groups in the amount of protein in the interscapular 
brown adipose tissue. This finding is consistent with the 
large increase in energy deposition of our cafeteria-fed rats. 

There was a striking difference between isolation-reared 
rats and group-reared rats in their food preference. Hence, 
experiential and environmental factors can affect food 
choice. Recent results of James, Zed and their colleagues 
suggest that intake of energy as protein has a greater 
postprandial thermogenic effect than energy as carbohydrate 
[31]. Thus, it may be that isolation-reared rats are selecting 
high protein foods, such as cheese, in preference to the other 
foods as a means of increasing heat production, while rats 
housed in groups may not need or want increased heat. An 
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alternative explanation is that food selection changes with 
increased activation and hence the possible stress or arousal 
induced by isolation altered the food preferences of 
isolation-reared rats. 

Table 1 shows that the preference of isolation-reared rats 
remained highly consistent over the 25 days of measurement. 
This finding suggests that it may only by necessary to feed a 
rat one or two palatable foods in order to induce overeating, 
provided that these foods are selected so as to be highly 
preferred foods for that animal. 

Isolation-reared rats were significantly more active than 
group-reared rats in the 0.5 hr tests of activity, as has been 
reported previously [9,19]. In Experiment II, it was found 
that this hyperactivity develops within only 7 to 10 days in 
rats reared in isolation since weaning. Interestingly, there 
was no difference in the activity totals of isolation- and 
group-reared rats in the near 24 hr test. These two results 
taken together are further support that isolation-reared rats 
may be hyperresponsive to novel stimuli [6,18]. Hence, the 
initial novelty or stimulus change of the photocell cages in- 
duces a greater behavioral activation, as measured by loco- 
motor activity, in isolation-reared rats, as compared with 
group-reared rats, but this difference between the 2 groups is 
reduced with the waning over time of the arousal-inducing 
potency of the stimuli. 

Cafeteria feeding appears to have a differential effect on 
activity in the 0.5 hr tests of rats reared in isolation and those 
reared in social groups. Thus, whereas cafeteria-fed group- 
reared rats exhibited less activity than their chow-fed coun- 
terparts, the opposite was true for the isolation-reared rats. 
This result is important for two reasons. First, cafeteria feed- 
ing seems to exaggerate the activation produced by 
isolation-rearing, in terms of locomotor activity. However, 


isolation-rearing does not also lead to increased food intake 
in the cafeteria-fed animals as compared with the group- 
reared cafeteria-fed animals. Therefore, there is an additive 
interaction between cafeteria feeding and isolation rearing in 
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terms of activity, but not food intake, suggesting that in- 
creases in activation per se do not necessarily lead to hyper- 
phagia or weight gain. Second, the activating effects of 
cafeteria feeding in terms of locomotor activity seem not to 
be present in group-reared rats. Therefore, the activating 
effects of diet condition and rearing condition do not seem to 
interact in a simple additive fashion. 

In support of earlier findings [10,16], isolation-reared rats 
left undisturbed (Experiment II) had significantly greater ac- 
tivity levels and body weights as compared with group- 
reared rats left undisturbed. In contrast, in Experiment | 
where rats were disturbed by handling for daily weighing and 
feeding, there were no significant differences in body 
weights between group- and isolation-reared rats. It appears 
that the normally lower level of behavioral activation or 
stress of group-reared rats was artificially increased in rats in 
groups due to continual handling and disturbances needed to 
obtain the daily weight and food measures. Further experi- 
ments which vary the level of behavioral activation of the 
isolation-reared rats and group-reared rats by systematically 
varying a stimulus which induces arousal are warranted. 
These may reveal that it is possible to produce behavioral 
profiles similar to that of isolated rats by increasing the 
arousal level of group-reared rats. Such an approach has 
been tried with some success by Einon and Sahakian [3] 
when they compared the activity of group-reared rats given a 
low dose of amphetamine with the activity of undrugged 
isolation-reared rats and demonstrated that the two profiles 
were highly similar. 


ACKNOWLEDGEMENTS 


We are very grateful to Dr. Trevor W. Robbins for his many 
helpful suggestions. We thank Dr. W. P. T. James, Dr. Paul J. Fray, 
Dr. Philip Winn, and Ms. Sheila Bingham for discussion, Ms. Mar- 
tina McGuckin for technical assistance, Mr. Keith Symonds for 
photographic work, and Mrs. Marjorie Roberts for typing the manu 
script. 


REFERENCES 


. Antelman, S. M., H. Szechtman, R. Chin and A. E. Fisher. Tail 
pinch-induced eating, gnawing and licking behavior: depend- 
ence on the nigrostriatal dopamine system. Brain Res. 99: 319- 
337, 1975. 

. Brooks, S. L., N. J. Rothwell, M. J. Stock, A. E. Goodbody 
and Paul Trayhurn. Increased proton conductance pathway in 
brown adipose tissue mitochondria of rats exhibiting diet- 
induced thermogenesis. Nature 286: 274-276, 1980. 

. Einon, D. and B. J. Sahakian. Environmentally induced differ- 
ences in susceptibility of rats to CNS stimulants and CNS de- 
pressants: evidence against a unitary explanation. Psychophar- 
macology 61: 299-307, 1979. 

. Gold, R. M., E. Simson and M. J. Schwarz. Ontogenics of four 
animal models of obesity. Aliment. Nutr. Metab. 1: 268, 1980. 

. Kanarek, R. and R. Marks-Kaufman. Developmental aspects of 
sucrose-induced obesity in rats. Physiol. Behav. 23: 881-885, 
1979. 

. Konrad, K. and R. Melzack. Novelty-enhancement effects 
associated with early sensory-social isolation. In: The Devel- 
opmental Neuropsychology of Sensory Deprivation, edited by 
A. Riesen. London: Academic Press. 1975, pp. 253-276. 

. Lofti, M., I. A. Macdonald and M. J. Stock. Energy losses 
associated with oven-drying and the preparation of rat carcasses 
for analysis. Br. J. Nutr. 36: 305-309, 1976. 

. Margules, D. and W. Lichtensteiger. Environmental events that 
modify the catecholamine fluorescence of the A2 cell bodies in 
nucleus tractus soliti. J. comp. physiol. Psychol. 92: 713-719, 
1978. 


9. Morgan, M. J. Effects of post-weaning environment on learning 
in the rat. Anim. Behav. 21: 429-442, 1973 

10. Morgan, M. J. and D. Einon. Incentive motivation and behav- 
ioral inhibition in socially-isolated rats. Physiol. Behav. 15: 
405-409, 1975. 

. Paul, A. and D. Southgate. McCance and Widdowson’'s The 
Composition of Foods (Fourth Edition). London: Her majesty’s 
Stationery Office, 1978 

. Peckham, S. C., C. Entenman and H. W. Carroll. The influence 
of a hypercaloric diet on gross body and adipose tissue com 
position in the rat. J. Nutr. 77: 187-197, 1962 

. Robbins, T. W. and P. J. Fray. Stress-induced eating : Fact, 
fiction or misunderstanding? Appetite 1: 103-133, 1980 

. Rolls, B. J. and E. Rowe. Dietary obesity : permanent changes 
in body weight. J. Physiol. 272: 2P, 1976 

. Rothwell, N. J. and M. J. Stock. A role for brown adipose tissue 
in diet-induced thermogenesis. Nature 281: 31-35, 1979 

. Sahakian, B. J. The effects of isolation on unconditioned behav- 
ior and response to drugs in rats. University of Cambridge 
Ph.D. Thesis, 1976. 

. Sahakian, B. J. and T. W. Robbins. Isolation-rearing enhances 
tail pinch-induced oral behavior in the rat. Physiol. Behav. 18: 
53-58, 1977. 

. Sahakian, B. J., T. W. Robbins and S. D. Iversen. The effects of 
isolation rearing on exploration in the rat. Anim. Learn. Beha 
5: 193-198, 1977. 





. Sahakian, B. J., T. W. Robbins, M. J. Morgan and S. D. Iver- 
sen. The effects of psychomotor stimulants on stereotypy and 
locomotor activity in socially-deprived and control rats. Brain 
Res. 84: 195-205, 1975. 

Schacterle, G. R. and R. L. Pollack. A simplified method for the 
quantitative assay of small amounts of protein in biologic mate- 
rial. Analyt. Biochem. 51: 654-655, 1973. 

. Sclafani, A. Dietary obesity. In: Recent Advances in Obesity 
Research: II, edited by G. Bray. London: Newman Publishing, 
1978, pp. 123-132. 

. Sclafani, A. Dietary obesity. In: Obesity edited by A. Stunkard. 
Philadelphia, PA: W. B. Saunders Co. 1980, pp. 166-181. 

. Sclafani, A. and D. Springer. Dietary obesity in adult rats: 
similarities to hypothalamic and human obesity syndromes. 
Physiol. Behav. 17: 461-471 1976. 

. Segal, D. S., S. Knapp, R. Kuczenski and A. J. Mandell. The 
effects of environmental isolation on behavior and regional rat 
brain tyrosine hydroxylase and tryptophan hydroxylase activi- 
ties. Behav. Biol. 8: 47-53, 1973. 

. Siegel, S. Nonparametric Statistics for the Behavioral Sciences. 
London: McGraw-Hill, 1956. 


SAHAKIAN, BURDESS, LUCKHURST AND TRAYHURN 


26. 


27. 


Thoa, N. B., Y. Tizabi and D. M. Jacobowitz. The effect of 
isolation on catecholamine concentration and turnover in dis- 
crete areas of rat brain. Brain Res. 131: 259-269, 1977. 
Thurlby, P. L. and P. Trayhurn. The role of thermoregulatory 
thermogenesis in the development of obesity in genetically- 
obese (ob/ob) mice pair-fed with lean siblings. Br. J. Nutr. 42: 
377-385, 1979. 


. Trayhurn, P. and W. P. T. James. Thermogenesis: dietary and 


non-shivering aspects. In: The Body Weight Regulatory System: 
Normal and Disturbed Mechanisms, edited by L. A. Cioffi, W. 
P. T. James and T. B. Van Itallie. New York: Raven Press, 
1981. 


. Weinstock, M., Z. Speiser and R. Ashkenazi. Changes in brain 


catecholamine turnover and receptor sensitivity by social depri- 
vation in rats. Psychopharmacology 56: 205-209, 1978. 


. Winer, B. J. Statistical Principles in Experimental Design (Sec- 


ond Edition). London: McGraw-Hill, 1971. 


. Zed, C. and W. P. T. James. Postprandial thermogenesis (PPT) 


in obese subjects after either protein or carbohydrate. Aliment. 
Nutr. Metab. 1: 385, 1980. 





Physiology & Behavior, Vol. 28, pp. 125-132. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A 


Absolute and Relative Refractory Periods 
of the Substrates for Lateral 
Hypothalamic and Ventral 
Midbrain Self-Stimulation’ 


CATHERINE BIELAJEW,? MELANIE LAPOINTE, IVAN KISS AND PETER SHIZGAL 


Department of Psychology and Center for Research on Drug Dependence, Concordia University 


1455 de Maisonneuve Blvd. West, Montreal, Quebec, 


Canada H3G 1M8 


Received 18 June 1981 


BIELAJEW, C., M. LAPOINTE, I. KISS AND P. SHIZGAL. Absolute and relative refractory pe riods of the substrates 
for lateral hypothalamic and ventral midbrain self-stimulation. PHYSIOL. BEHAV. 28(1) 125-132, 1982.—The pulse-pair 
paradigm was used to behaviorally assess the absolute and relative refractory periods of neurons subserving brain- 
stimulation reward. The amplitude of the second pulse was either equal to, 41% greater than, or 73% greater than the 
amplitude of the first pulse. In the equal amplitude condition, recovery from refractoriness began as early as 0.4 msec and 
did not asymptote until as late as 3.5 msec. A 41% increase in the intensity shortened the time course of recovery in five out 
of six cases. In only one of these five cases did a 73% increase in the intensity of the second pulse produce further changes 
in time course. Neither increase in the amplitude of the second pulse affected the time course of recovery in one subject 
The absolute refractory periods of the directly stimulated reward-relevant neurons appear to be less than 1.5 msec and as 
short as 0.4 msec; some of these neurons have relative refractory periods that range between 1.0 and 3.5 msec 


Self-stimulation Absolute refractory periods 


GIVEN that electrical stimulation of neural structures can 
produce a variety of behavioral effects, determining the 
physiological properties of cells that support specific behav- 
iors may be useful in distinguishing between functionally dif- 
ferent neuronal populations. Using psychophysical tech- 
niques [5], many of the characteristics of the reward sub- 
strate in the medial forebrain bundle (MFB) have been esti- 
mated. These include refractory periods [1, 8, 14, 15, 20, 21, 
22], local potential summation [23], strength-duration prop- 
erties [4,7], temporal integrating characteristics [3, 4, 9, 19], 
conduction velocity [18], anatomical linkage [16], and the 
direction of orthodromic impulse flow [17]. 

The purpose of the present experiment is to extend the 
characterization of MFB reward neurons that has emerged 
from refractory period studies. We used the technique de- 
veloped by Yeomans to distinguish absolute and relative re- 
fractory period contributions to behaviorally derived ex- 
citability profiles [22]. A sensitive measurement method [1], 
a different choice of stimulation parameters, and perhaps 
different electrode size and location, allowed us to observe 
significant relative refractory period contributions that 
eluded detection in Yeomans’s pioneering study. 

The procedure for determining refractory periods in most 
behavioral studies consists of presenting pairs of pulses (C- 





Relative refractory periods 


and T-pulses) of equal amplitude and varying the interval 
between them (C-T interval). Absolute refractory period and 
relative refractory period contributions cannot be distin- 
guished using this method. With C- and T-pulses of equal 
amplitude, the following neural events are expected when 
the C-T interval exceeds the local potential summation 
range. Within the region in which neurons are fired by the 
C-pulse, two areas are of interest. Near the electrode tip, 
where the current density is greatest, the T-pulse should 
produce firings as soon as the absolute refractory period(s) 
of the neuron is(are) exceeded. Neurons further from the tip 
will be exposed to a lower current density. These neurons 
will be fired by the C-pulse but may not fire a second time 
until the end of their relative refractory period(s). The curve 
expressing the behavioral effectiveness of double-pulse 
stimulation will reflect the activity of neurons in both re- 
gions. In order to distinguish between the contributions of 
these regions, Yeomans [22] developed the unequal pulse 
paradigm. He reasoned that if the T-pulse amplitude is in- 
creased, the greater current density imposed by the larger 
T-pulse should reduce or eliminate the relative refractory 
period effects. By comparing the time course of recovery in 
the equal and unequal pulse conditions, an estimate of the 
contribution of relative refractory period effects can be ob- 
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tained. If the larger T-pulse hastens recovery from refractor- 
iness, one would conclude that the substrate mediating the 
stimulation-produced behavior involves the activation of 
neurons with pronounced relative refractory periods. Alter- 
natively, if the two conditions produced similar effects, this 
would suggest that the thresholds of the neurons quickly 
return to resting levels following the end of their absolute 
refractory periods. 

The present study is both a replication and extension of 
Yeomans’s unequal pulse refractory period experiment [22]. 
He found little evidence of relative refractory period effects 
in MFB reward neurons. Because of the possibility that the 
T-pulse/C-pulse amplitude ratio in his study (1.41) was not 
sufficient to observe relative refractory period effects, we 
used ratios of both 1.41 and 1.73. In addition, we rescaled 
our results [1] in an effort to eliminate factors that are unre- 
lated to refractoriness but nonetheless influence the slope of 
the recovery functions. Included in these procedures is a 
method for consistently estimating the point at which re- 
covery from refractoriness is complete. 

Finally, by more than doubling the number of stimulation 
sites that have been tested with the unequal pulse paradigm, 
we increased the likelihood of observing an effect that, as 
argued below, can be expected to vary across placements. 


METHOD 


Subjects 


Two male Sprague-Dawley rats and two male hooded rats 
of the Royal Victoria Strain (Canadian Breeding Farms and 
Laboratories), weighing approximately 350 g each at the time 
of surgery, were individually housed in wire-mesh cages and 
maintained on a 12 hr light/dark cycle, with ad lib access to 
Purina Rat Chow and water. 


Surgery 


Following the induction of deep pentobarbital anaesthesia 
(60 mg/kg, IP), electrodes were stereotaxically aimed at the 
lateral hypothalamus (LH) and ventral tegmental area 
(VTA). With the incisor bar set at 5.0 mm above the inter- 
aural line, the LH coordinates were 0.4 mm behind bregma, 
1.7 mm lateral to the midsagittal suture, and 8.0 mm below 
the dura. The VTA electrode tips were aimed 3.3 mm behind 
bregma, 0.7 mm lateral to the midsagittal suture and 8.0 mm 
below the dura. A flexible stainless steel wire wrapped 
around four anchoring stainless steel jeweller’s screws 
served as the current return. The entire assembly was se- 
cured to the skull with dental cement. 

Electrodes were fashioned from 150 wm or 254 um stain- 
less steel nichrome wire. In three subjects (MP-1, 1M-4, and 
X), a twisted bipolar assembly was constructed of the finer 
wire. The Dimel enamel insulation was removed from the 
bottom 0.25 mm of the square-cut wires; the shorter of the 
two wires was not used in this experiment. In the remaining 
subject (CB-1), the larger diameter wire was used and insu- 
lated with Formvar to within 0.25 mm of the rounded tip. 


Apparatus 


The test chamber was a wooden box, 25 cm x 25 cm x 70 
cm high with a Plexiglas front. A Lehigh Valley rodent lever 
protruded into the left corner of the chamber, six cm above 
the grid floor. 

Stimulation parameters consisted of 0.5 sec trains of 0.1 
msec square wave, cathodal, monophasic pulses, and were 
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controlled by integrated-circuit pulse generators and 
constant-current amplifiers [10]. To prevent the build-up of 
charge at the tissue/electrode interface, the outputs of each 
channel of the dual constant-current amplifiers were shorted 
through | kf) resistors in the absence of a pulse on either 
channel. The current intensity was continuously monitored 
on an oscilloscope by reading the voltage drop across a pre- 
cision | kf resistor in series with the rat. 


Procedure 


Screening and stabilization. Following a suitable post- 
operative recovery period, each subject was screened for 
self-stimulation on a CRF schedule. Subjects were included 
in the experiment if they could be shaped to self-stimulate on 
one or both electrodes at 30 responses per minute or above. 
Vigorous self-stimulation was obtained from one of the 
placements in three subjects (MP-1, LH; 1M-4, VTA; and X, 
VTA) and from both placements in the remaining subject 
(CB-1). The current intensity selected during screening was 
held constant for the duration of the experiment. 

Stabilization was performed using the following proce- 
dure. Starting with the stimulation parameters found to sup- 
port vigorous self-stimulation, the number of pulses per train 
was reduced each trial (trial=one minute) in 0.1 log,, steps 
until less than 10 responses occurred. The required number 
of pulses, defined as the number of pulses required to sustain 
a half-maximal rate of responding, was determined by inter- 
polation. This procedure was repeated until the required 
number of pulses across five separate determinations within 
one test session did not vary by more than 0.1 log,, units. 
Three sessions were generally required in order to meet this 
criterion. 

Refractory period test—equal pulse conditon. The refrac- 
tory period test consisted of a series of required-number de- 
terminations, following a brief warm-up period. In the first, 
last, and every fifth determination, trains of single pulses 
were delivered; in the remaining determinations, trains of 
pulse pairs were delivered. The first pulse (C-pulse) and sec- 
ond pulse (T-pulse) of each pair were of equal amplitude and 
were delivered to the same electrode. The interval between 
the two pulses (C-T interval) was varied from 0.15 msec to 
10.0 msec and presented in a random sequence. A test ses- 
sion thus consisted of 12 to 14 determinations of the required 
number of double pulses chosen from C-T intervals of 0.15, 
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.5, 5.0, 7.5 and 10.0 
msec and 4 to 5 determinations of the required number of 
single pulses. The procedure for determining the required 
number of double pulses was analogous to the single-pulse 
case except that the number of pulse pairs rather than single 
pulses necessary to support the criterion response rate was 
counted. The frequent repetition of the single-pulse determi- 
nations made it possible to detect fatigue effects and helped 
keep the variance of the single pulse required number to a 
minimum. This was important because the required number 
of single pulses served as the basis of comparison for all of 
the double-pulse required numbers. The entire equal pulse 
refractory period test was repeated five times per subject, 
with the exception of CB-1. For this subject, each placement 
was tested three times. 

Refractory period test—unequal pulse conditions. Two 
unequal pulse conditions were run following a square root 
series. In the first condition, the amplitude of the T-pulse 
was adjusted to 1.41 xC-pulse amplitude; in the second con- 
dition, the amplitude of the T-pulse was adjusted to 
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1.73 C-pulse amplitude. The refractory period tests for un- 
equal pulses were procedurally similar to the equal pulse 
condition, with the following exception. The required 
number of single pulses was determined for both the C- and 
T-pulse currents so that a typical test session would consist 
of 4 to 5 determinations of the required number of single 
pulses at the C-pulse current intensity, 4 to 5 determinations 
of the required number of single pulses at the T-pulse current 
intensity, and 12 to 16 determinations of the required number 
of pulse pairs for unequal amplitude C- and T-pulses. Addi- 
tional C-T intervals were often tested in the unequal pulse 
conditions so that an accurate profile of the time course of 
recovery could be obtained. These included some or all of 
the following intervals: 0.3, 0.5, 0.7, 0.9 and 1.1 msec. The 
refractory period tests with both T-pulse/C-pulse ratios were 
repeated five to eight times per subject (except CB-1) and 
interdigitated with the equal pulse refractory period tests. 
For CB-1, both unequal pulse conditions were tested three 
times at the LH placement, while the VTA placement was 
tested three times in the 1.41 xC-pulse intensity condition 
and twice in the 1.73xC-pulse intensity condition. 

We attempted to test subject X at two C-pulse intensities. 
However, at the higher C-pulse intensity, the T-pulse inten- 
sity could not be increased much beyond 1.41 xC-pulse in- 
tensity due to the high impedance of the electrode/tissue 
interface at this placement and the limited compliance volt- 
age of the stimulator; the last condition (1.73 C-pulse in- 
tensity) is therefore absent. 

Data format. The effectiveness of the T-pulse (equal 
pulse condition) was evaluated using the following formula 
{21}: 


RNep 
E= = - 
RN._7+ 


effectiveness of the T-pulse, 
average of all determinations of the 
required number of single pulses for 
that session, 

required number of pulse pairs for 
a given C-T interval. 


If the T-pulse has no behavioral effect, the required 
number of pulse pairs will equal the required number of 
single pulses and E will equal 0. If the behavioral effect of the 
T-pulse equals that of the C-pulse, the required number of 
pulse pairs will equal half the number of single pulses and E 
will equal 1.0. 

In order to assess the effectiveness of the T-pulse in the 
unequal pulse conditions, a correction must be applied to the 
previous formula to account for the added region of excita- 
tion introduced by the larger amplitude T-pulse. The follow- 
ing formula, the equivalent of Yeomans’s statistic for un- 
equal amplitude pulses [22], makes it possible to compare the 
results of equal and unequal pulse refractory period tests. 


: RNsp, RNgp, 
> lm - a 1) * (aR 


effectiveness of the T-pulse, 
average of the required number of single 


where E 
RNgp, sid 


pulses for the current intensity yielding 
the lower number of single pulses, 
required number of pulse pairs for a given 
C-T interval, 

average of the required number of single 
pulses for the current intensity yielding 
the higher number of single pulses. 


Data analysis 1—the asymptote test. The E values ob- 
tained from all the refractory period tests were plotted as a 
function of C-T interval. Typically, E values decrease at 
short C-T intervals as local potential summation contribu- 
tions decay [23] and then rise steadily until maximum E val- 
ues are obtained. At very long C-T intervals E values gen- 
erally remain stable. To determine the C-T interval at which 
the E values approach asymptote, we developed the follow- 
ing procedure [1]. The E value and standard error associated 
with the longest C-T interval tested were compared with the 
E value and standard error for the next shortest C-T inter- 
val. If the standard errors overlapped, all E values for the 
two C-T intervals were pooled and a new E value and stand- 
ard error were computed. The new mean E value and stand- 
ard error were then compared to the E value and standard 
error for the next shortest C-T interval. 

This procedure was repeated until a C-T interval was 
found with an E value and standard error that did not overlap 
the pooled E value and standard error. The smallest C-T 
interval to contribute to the pooled E value and standard 
error was operationally defined as the C-T interval after 
which no significant recovery from refractoriness occurred. 
The results of all the refractory period tests from each animal 
were subjected to this procedure, hereafter referred to as the 
asymptote test. 

Data analysis 2-Transformation procedure. 
statistically compare changes in the rate of recovery from 
refractoriness as a function of T-pulse amplitude, it was nec- 
essary to transform the E vs C-T curves from each subject. 
This was done by forcing the rising portion of each curve to 
lie between E values of 0 and 1. As we have previously 
argued [1], the slopes of refractory period curves are difficult 
to analyze because of differences in local potential summa- 
tion and asymptotic E values. The slope of a recovery func- 
tion will depend on the minimum and maximum E values. If 
these values are greater than 0 and less than |, respectively, 
the resulting slope will be less steep than one obtained from a 
curve that spans a range of E values from 0 to 1, even though 
both curves may span the same range of C-T intervals. 

Although E values should theoretically equal | once all 
behaviorally relevant neurons have recovered from refrac- 
toriness, MFB refractory period functions seldom do; 
maximum E values are generally less than |. The reason for 
this is not understood. Minimum E values greater than 0 are 
thought to occur because local potential summation effects 
have not completely decayed before recovery from refractor- 
iness begins [23]. 

Our transformation procedure eliminates or at least miti- 
gates these confounds [1] by forcing the rising portion of all 
curves obtained from refractory period tests to lie between E 
values of 0 and 1. The C-T intervals that correspond to the 
upper and lower extremes of the rising portion of each un- 
transformed curve were determined by the asymptote test 
and the minimum E value respectively. All E values corre- 


In order to 





128 


sponding to C-T intervals that fall within these boundaries 
were transformed using the following formula [1]: 


Ec. - 


Bes mptote 


Emin 
> Ewin 





E transformed = 


effectiveness of the T-pulse 
adjusted to a scale of E values 


where E transformed 


between 0 and 1, 
E._, = the E value in its original form 
associated with a given C-T interval, 
Emin = the lowest E value obtained, 
= the E value for the C-T interval 
at which the recovery curve 
approached asymptote. 


Daas mptote 


The individual E values from each of the refractory period 
tests were subjected to the above transformation. A more 
detailed explanation of these procedures is available [1]. 


Histology 


At the end of the experiment, all subjects were injected 
with a lethal dose of sodium pentobarbital and perfused 
intracardially with physiological saline followed by 10% For- 
malin. The brains were removed and stored in 10% Formalin 
for at least 24 hrs. The tissue was sliced in 40 u«m sections in 
a cryostat and stained with thionin. The location of the elec- 
trode tips was determined using the Pellegrino, Pellegrino 
and Cushman [12] atlas. The atlas plates that best matched 
the critical sections were traced. 


RESULTS 
Histology 


These results are presented in Fig. 1. The two subjects 
with anterior placements (CB-1 and MP-1) had electrode tips 
in the LH. CB-1’s placement was located more laterally, just 
ventral to the zona incerta. None of the posterior placements 
were found in the VTA. CB-1’s tip was located dorsal to the 
VTA, midway between the medial lemniscus and the de- 
cussation of the ventral tegmentum. The remaining two 
placements were quite medial and dorsal, with 1M-4’s tip 
bordering the periventricular gray and the parafascicularis 
thalami and X’s tip, below the periventricular gray in the 
nucleus of the oculomotor nerve. The question mark beside 
1M-4’s placement reflects uncertainty at determining the lo- 
cation of that electrode tip. 


Refractory Period Data 


The results of all refractory period tests from each subject 
are shown in Fig. 2. The left column represents the untrans- 
formed E vs C-T curves while the right column represents 


the corresponding transformed data. Semi-logarithmic 
coordinates were used for the untransformed data to 
facilitate presentation of all the C-T intervals on one axis. 


Asympiote Tests 


The C-T interval corresponding to a near-complete re- 
covery from refractoriness was determined using the 
asymptote test. The resulting values for each subject and 
condition are listed in Table 1. 
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FIG. 1. Tracings of Pellegrino et a/. [12] atlas plates corresponding 
to pertinent sections. The filled circle in each drawing denotes the 
location of the electrode tip. The identity of the subject and target 
structure is located to the right of each section. The question mark 
beside the location of 1M-4’s electrode tip reflects uncertainty at 
determining that placement. 


For subjects CB-1 (LH), MP-1, CB-1 (VTA) and X:710 
mA, the C-T interval at which E values approached an 
asymptote reliably decreased as T-pulse intensity increased. 
While the first T-pulse ratio (T=1.41C) did reduce the C-T 
interval at which asymptotic E values were observed in the 
case of subject 1M-4, a further increase in the T-pulse was of 
no consequence. 

Overall, recovery appears to end earlier when the T-pulse 
amplitude is increased. Systematic decreases in the C-T 
interval corresponding to asymptotic recovery were seen in 
three out of the five cases where the three T-pulse conditions 
were tested (Fig. 2a, c, e). Only in one of twelve cases (rat 
X:500 wA; T=1.41xC) was asymptotic recovery delayed by 
increasing the T-pulse amplitude. 





ABSOLUTE AND RELATIVE REFRACTORY PERIODS 


TABLE | 
C-T INTERVAL CORRESPONDING TO ASYMPTOTIC E VALUE 





C-Pulse 


Subject Intensity 


T-Pulse 
C-Pulse 


T-Pulse 
1.73 x C-Pulse 


T-Pulse 
1.41 x C-Pulse 





CB-1 
MP-1 


795 wA 
800 nA 
CB-1 630 wA 
1M-4 450 wA 
x 710 pA 
Xx 500 wA 
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FIG. 2. The effectiveness of T-pulse stimulation plotted as a func- 
tion of C-T interval. The untransformed and corresponding trans- 
formed data form the left and right columns respectively. Semi- 
logarithmic coordinates were used for the untransformed data to 
facilitate presentation of all the C-T intervals on one axis. The iden- 
tity of the subject, target placement and C-pulse current intensity are 
listed to the right of that subject’s data. For both untransformed and 
transformed results, filled triangles represent the equal pulse condi- 
tion, the filled circles represent the T=1.41 x C-pulse condition, and 
the open circles represent the T=1.73xC-pulse condition. 


Regression Tests 


The transformed refractory period data appearing in Fig. 
2b, d, f, h, j, | were subjected to a statistical treatment aimed 
at determining whether an increase in T-pulse amplitude 
significantly increased the rate of recovery from refractori- 
ness. To this end, the analysis of variance approach to re- 
gression [11] was used to determine if significantly more 
variance is explained by fitting three separate regression 
lines to the rising portion of the curves than by fitting one 
regression line to the pooled data. The results of the F tests 
appear in Table 2. With the exception of subject X:500 wA, 
a significant F ratio was obtained in each case, 
indicating that the time course of recovery differed across 
conditions. Since differences in slope and/or intercept could 
explain this result, the data in Fig. 2b, d, f, h, j were further 
analyzed to determine if slope differences contributed to the 
significant F ratios. t-Tests were conducted on all possible 
pairwise comparisons within subjects. Accordingly, three 
separate slope comparisons were made in all subjects yield- 
ing significant F ratios, but one, animal X:710 wA C-pulse 
intensity. Recall that for this subject, the largest T-pulse 
condition was not tested at the higher C-pulse intensity. The 
t-test results are presented in Table 3. We chose the conser- 
vative alpha level of 0.01 because of the multiple test: con- 
ducted on each set of data. Except for animals MP-1 and 
1M-4, significant differences were found in the slopes of the 
transformed recovery curves for the equal pulse and 
T=1.41xC conditions. In three of four cases, the slopes of 
the recovery curves from the larger T-pulse condition 
(T=1.73xC) were significantly greater than the slopes from 
the equal pulse condition. In subjects MP-1 and 1M-4, only 
the slopes from the largest T-pulse intensity condition were 
significantly greater than those from the equal-pulse condi- 
tion. 

A comparison of the unequal pulse’ conditions 
(T=1.41xXC and T=1.73xC) revealed a significant slope 
difference in only one subject, MP-1. In the remaining sub- 
jects, F tests, repeated on the unequal pulse results only, 
were not significant (CB-1: LH, F(2/32)=2.674, p=0.084; 
CB-1: VTA, F(2/26)= 1.632, p=0.215; 1M-4, F(2/118)=2.848, 
p=0.062). This indicates that although the two unequal pulse 
curves appear roughly parallel in each case, their intercepts 
did not differ significantly. The F test was also repeated on 
the curves from the T=C and T=1.41xC conditions in MP-1! 
and 1M-4, since the slopes of these two lines were not signif- 
icantly different in either subject. Here we obtained signifi- 
cant F ratios (MP-1, F(2/111)=3.856, p=0.024; 1M-4, 
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TABLE 2 
RESULTS OF TESTS DETERMINING EQUALITY OF REGRESSION LINES 





Significance 
Level 


C-Pulse 


Subject Site Intensity F Ratio df 





35x10 
1.0x 10-** 
1.9x 10-** 
4.9x 10->* 
Zane 
0.339 


15.048 451 
9.135 4170 
13.188 451 
6.785 4146 
9.539 2/66 
1.151 483 


CB-1 LH 
MP-1 LH 
CB-1 VTA 
1M-4 VTA 
X VTA 
X VTA 


795 pA 
800 nA 
630 wA 
450 nA 
710 nA 
500 wA 





*Significant (p <0.05). 


condition than in the equal pulse condition. The 1.73 inten- 
sity ratio did not produce any additional changes in the time 
course of recovery for these three subjects. In the two re- 


F(2/76)=8.857, p =3.5x 10~*) suggesting a difference between 
the two lines with respect to intercept or a combination of 
small differences in both slope and intercept. Indeed, E, in 


did occur at a shorter C-T interval for the 1.41xC-pulse 
condition (0.4 msec) than for the equal pulse condition (0.6 
msec) in each subject. 

To summarize, the time course of recovery was altered in 
five out of six cases in which the T-pulse intensity was in- 
creased by 41% of the C-pulse intensity. In three of these five 
cases the slope of the curves was steeper in the T=1.41xC 


maining cases, the slope of the recovery curves was 
steepened only with the largest intensity ratio. For one sub- 
ject, neither the 1.41 nor the 1.73 intensity ratio significantly 
altered the time course of recovery. 


DISCUSSION 


The results in Fig. 2 demonstrate that relative refractory 


TABLE 3 
RESULTS OF SIGNIFICANCE TESTS FOR DIFFERENCES BETWEEN SLOPES OF RECOVERY FUNCTIONS 





Comparison of T-pulse=C-pulse with T-pulse= 1.41 x C-pulse 


C-Pulse 
Intensity 


Slope 


Subject (T=C) 


(T=1.41xC) 


Significance 
df Level 


Slope 
t Score 





0.643 
0.495 
0.236 
0.657 
0.618 


CB-1 
MP-1 


795 pA 
800 nA 
CB-I 630 uA 
1M-4 450 nA 
X 710 vA 


5.8x 10-** 
0.046 
2.1 10-* 
0.034 
0.002* 


1.237 
0.703 
1.082 
0.895 
1.440 


3.783 35 
2.019 111 
4.807 41 
2.164 76 
3.198 66 





Comparison of T-pulse=C-pulse with T-pulse= 1.73 x C-pulse 


C-Pulse 
Intensity 


Slope 


Subject (T=C) 


(T=1.73xC) 


Significance 
Level 


Slope 
t Score df 





0.643 
0.495 
0.236 
0.657 


CB-1 
MP-|! 
CB-1 
1M-4 


795 “A 
800 nA 
630 wA 
450 nA 


2.4x 10-5* 
2.3xio* 
2xi¢e- = 


0.001* 


4.865 35 
4.460 

4.326 35 
3.383 98 


1.650 
1.343 
0.915 
1.107 





Comparison of T-pulse=1.41C-pulse with T-pulse= 1.73 x C-pulse 


C-Pulse 
Intensity 


Slope 


Subject Site (T=1.41xC) 


(T=1.73xC) 


Significance 
Level 


Slope 
t Score df 





1.237 
0.703 
1.082 
0.895 


CB-1 LH 
MP-1 LH 
CB-1 VTA 
1M-4 VTA 


795 pA 
800 wA 
630 wA 
450 wA 


0.037 
2.6x 10-** 
0.597 
0.133 


1.650 2.174 32 
1.343 3.069 
0.915 536 26 
1.107 1.514 





*Significant (p <0.01, 2-tail). 





ABSOLUTE AND RELATIVE REFRACTORY PERIODS 


period contributions can be estimated by behavioral means. 
Yeomans [22] predicted that increasing the intensity of the 
T-pulse should increase the number of neurons exposed to 
suprathreshold stimulation, and hence increase the propor- 
tion of neurons that fire as soon as their absolute refractory 
periods are exceeded. The significant increases in the rate of 
recovery that were observed in five of six subjects support 
Yeomans’s prediction. 

If the effective stimulation field contains a homogeneous 
population of reward-relevant neurons, and the strength of 
the T-pulse is sufficient to produce firings in all the neurons 
at the end of their absolute refractory periods, then the ef- 
fectiveness of double-pulse stimulation should rise abruptly 
to asymptotic levels at C-T intervals just greater than the 
absolute refractory periods. Although in the results from all 
but one subject, recovery from refractoriness was acceler- 
ated when the T-pulse intensity was increased, the time 
course was still less abrupt than would be expected from a 
homogeneous population of neurons. There are at least two 
possible explanations for this result. Either, the substrate 
mediating self-stimulation at the sites that we have tested 
consists of several subpopulations of neurons with different 
absolute refractory periods, or the highest pulse-pair inten- 
sity ratio was not large enough to eliminate all relative refrac- 
tory period effects. 

The second explanation appears less likely because of the 
fact that in most cases, the 1.73 intensity ratio did not sub- 
stantially reduce the C-T interval at which asymptote oc- 
curred when compared to the 1.41 condition and had little 
effect on the slopes of the curves. It would appear that the 
1.73 intensity ratio marks a point of diminishing returns. This 
notion is further supported by electrophysiological data. 
Rolls [13] has shown that increasing the current intensity 


beyond 1.73 times the firing threshold of a single unit 
produced negligible changes in refractory period estimates. 
Thus it would appear that the gradual recovery from refrac- 
toriness in the unequal pulse conditions depends largely on 


the sequential recovery of several subpopulations of 
neurons. If so, then the increases in the slopes of the re- 
covery curves would suggest that the subpopulations with 
the longest ARP’s also have the longest RRP’s. 

These data impose an upper limit on the range of absolute 
refractory periods in the substrates for the rewarding effects 
of LH and ventral midbrain stimulation in these subjects; 
neurons with absolute refractory periods longer than the 
asymptote values (1.0-1.5 msec) make no measurable con- 
tribution to the rewarding effect. Furthermore, the relative 
refractory periods of at least some of these neurons fall 
within the range of 1.0-3.5 msec, since increasing the size of 
the T-pulse decreased the asymptote values over this range. 

Differences across subjects in the size of the relative re- 
fractory period contribution may reflect differences in the 
excitability properties of neurons at each site as well as 
differences in the spatial distributions of neurons in the criti- 
cal regions. As argued by Jordan [6], relative refractory 
period effects may not be observed if neurons are concen- 
trated very heavily in the region immediately surrounding 
the electrode tip. Presumably, the high current density in this 
region should cause all behaviorally relevant neurons to fire 
a second time once their absolute refractory periods are ex- 
ceeded. Conversely, if the region further from the tip con- 
tains a greater concentration of neurons, relative refractory 
period contributions may appear to be exaggerated; due to 
the lower current density in this region, the T-pulse may be 
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ineffective until relative refractory periods are exceeded. Be- 
fore conducting these experiments, it is suggested that sev- 
eral intensities below that selected for the C-pulse be tested, 
to ensure that the effective stimulation field does not contain 
sparse regions of behaviorally relevant neurons. 

Several differences between this and Yeomans’s [22 
study may account for our ability to detect significant rela- 
tive refractory period contributions. All but one of our equal 
pulse curves approached asymptotes at longer C-T intervals 
than has been reported in previous behavioral studies of 
MFB excitability properties [1, 13, 19, 20, 21]. The subject 
yielding asymptotic recovery at the shortest C-T interval 
(1.2 msec) showed no relative refractory period contribution, 
even at the highest pulse pair intensity ratio. It may be that 
reward-related neurons with absolute refractory periods less 
that 1.2 msec have very short relative refractory periods. 
Our consistent sampling of neurons with large relative re- 
fractory period contributions may be due to the size of our 
electrodes. Because smaller diameter electrodes were used 
in some subjects, the greater current density at the tip may 
have recruited smaller neurons with higher thresholds. If 
these neurons are responsible for the large relative refractory 
period contributions beyond 1.2 msec, it is not surprising, 
given the size of electrodes used in most behavioral studies 
(=254 um), that refractory periods longer than 1.2 msec have 
not been frequently reported. 

The placements in this experiment also deviated from 
those in Yeomans’s study. While his stimulation sites were 
located in the posterior hypothalamus and dorsal to the locus 
coeruleus, ours were distributed in the LH and the ventral 
midbrain. Perhaps reward-related neurons with prolonged 
relative refractory period contributions are unequally repre- 
sented at different self-stimulation sites. 

Another difference between this and Yeomans’s [22 
study, concerns the use of pulse pair ratios greater than 1.41 
in the present experiment. While this ratio was sufficient to 
shorten the time course of recovery in all but one subject, 
significant changes in slope were seen only with the 1.73 
ratio in two subjects (MP-1 and 1M-4). Because of this var- 
iability across subjects, we suggest that several pulse pair 
amplitude ratios be tested when attempting to determine 
RRP contributions. Nonetheless, very large ratios should be 
avoided because they decrease the proportion of stimulated 
neurons that can be fired by both pulses and hence render 
the effect of varying the C-T interval difficult to detect. 

Finally, the scaling procedures used in this study allowed 
us to observe differences in the rates of recovery not clearly 
seen in the untransformed data. The asymptote test provided 
a means of consistently determining the length of the refrac- 
tory period while the transformation procedure made the 
data amenable to a statistical analysis of the rate of recovery 
from refractoriness. 

It is likely that the rewarding effect of stimulation is due 
to the excitation of several functionally different neuronal 
populations [2]. By obtaining a detailed profile of the post- 
stimulation excitability cycle, the probability of distinguish- 
ing different reward substrates is increased. This paper 
shows that relative refractory characteristics can be behav- 
iorally estimated. The complement to this paradigm can be 
used to estimate supernormal contributions [22]; in these 
tests, the C-pulses are larger than the T-pulses. These proce- 
dures should provide an extra measure of resolution to the 
emerging characterization of the substrate for brain- 
stimulation reward. 
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SCHENK, S. AND P. SHIZGAL. The substrates for lateral hypothalamic and medial pre-frontal cortex self-stimulation 
have different refractory periods and show poor spatial summation. PHYSIOL. BEHAV. 28(1) 133-138, 1982.— 
Refractory periods of the substrates for lateral hypothalamic (LH) and medial pre-frontal cortex (MPFC) self-stimulation 
were behaviorally estimated. The beginning of recovery from refractoriness was estimated as the time at which recovery 
was 20% complete. In all 7 rats, this estimate differed substantially across sites, averaging 0.66 msec and 1.59 msec for the 
LH and MPFC substrates, respectively. The recovery of excitability approached asymptote later in the MPFC substrate 
(3.5 msec) than in the LH substrate (1.5 msec). These findings are consistent with the view that different fibers subserve the 
reinforcing consequences of LH and MPFC stimulation. This notion is strengthened by the observation that the rewarding 


effects of stimulation summated poorly when stimulating pulses were concurrently delivered to these two sites 


Self-stimulation Refractory period Collision 


THE psychophysical approach to the study of brain stimula- 
tion reward [4] aims to characterize reward related neurons 
so that they may later be identified in electrophysiological 
and anatomical studies. Among the properties of reward re- 
lated neurons that have been estimated using psychophysical 
methods are local potential summation [17], refractory period 
[1,16], super-normal period [16], conduction velocity [14], 
strength duration characteristics [6] and temporal integration 
characteristics [3]. The stimulation sites in most of these 
studies were located along the medial forebrain bundle; a few 
experiments have investigated reward sites in the dorsal 
pons [16] and periaqueductal gray [1]. The present experi- 
ment marks the first application of the psychophysical ap- 
proach to the study of the rewarding effects produced by 
medial prefrontal cortex (MPFC) stimulation. 

There is ample evidence for reciprocal connections be- 
tween the MPFC and the lateral hypothalamus (LH) [5] 
hence it is not surprising that some investigators [13] have 
attempted to ascribe the rewarding effects of stimulation at 
these sites to the activation of the same pathways. This hy- 


Lateral hypothalamus 


Medial pre-frontal cortex 


pothesis has not fared well in behavioral experiments. MPFC 
self-stimulation is not disrupted by electrolytic lesions of the 
medial forebrain bundle [2]. Injection of procaine into the 
MPFC also fails to disrupt LH self-stimulation [11]. Electro- 
physiologically recorded refractory periods of MPFC 
neurons driven by stimulation of the LH range from 1.0—2.2 
msec [10], values considerably greater than the behaviorally 
derived estimates of 0.4—1.2 msec for the neurons underlying 
LH self-stimulation [1, 12, 16]. 

In view of these findings it would appear that there may 
be different substrates for LH and MPFC self-stimulation. If 
so, the directly stimulated neurons in the two substrates may 
have different refractory periods. This possibility is investi- 
gated in the first experiment. 


EXPERIMENT | 
To estimate refractory periods, trains of pulse pairs are 


delivered through the stimulating electrode. The first pulse 
of each pair is called the C-pulse and the second is called the 
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T-pulse. When the C-T interval is sufficiently short, the re- 
fractory state of the substrate will render the T-pulse inef- 
fective in firing reward related neurons. As the C-T interval 
is increased, the second pulse becomes increasingly effective 
as the refractory periods of the directly stimulated cells are 
exceeded. 


METHOD 


Subjects 


Subjects were 6 male hooded rats of the Royal Victoria 
strain (labeled C) and 2 male Sprague-Dawley rats (labeled 
H) weighing 350-400 grams at the time of surgery. The ani- 
mals were individually housed in wire mesh cages on a 12 hr 
light/dark cycle and given ad lib access to Purina rat chow 
and water. 


Surgery 


Under sodium pentobarbital anesthesia (60 mg/kg, IP) 
two stimulating electrodes were stereotaxically aimed at the 
MPFC and the LH. The de Groot coordinates were: MPFC 
—4.5 mm rostral to bregma; 0.7 mm lateral to the sagittal 
suture; and 2.5 mm below the dura; LH —0.4 mm caudal to 
bregma; +1.7 mm lateral to the sagittal suture and 8.0 mm 
below the dura. Electrodes were 254 um stainless steel wire 
insulated with Formvar to within 0.5 mm of the rounded tip. 
A flexible stainless steel wire wrapped around 5 stainless 
steel skull screws served as the current return. The assembly 
was secured to the skull with dental acrylic. 


Procedure 

After several days recovery from surgery the subjects 
were trained to self-stimulate at both electrode placements. 
The testing chamber was a wooden box (252570 cm) with 
a Plexiglas front and grid floor. Depression of a lever 
mounted in one corner of the box resulted in the delivery ofa 
0.5 sec train of rectangular cathodal pulses 0.1 msec in dura- 
tion. Stimulation parameters were controlled by integrated 
circuit pulse generators and constant current amplifiers [7]. 
A gating circuit in the amplifier output stage disconnected 
the unused electrode during delivery of a pulse to the second 
electrode. In the absence of a pulse in either channel, the 
cathode and the anode were connected through a | k resis- 
tor to allow the electrode/brain interface to discharge. 

Once the subjects learned to self-stimulate a series of 
stabilization tests was begun. In these tests the number of 
pulses per train was decreased after each | minute trial in 0.1 
log steps from the value that produced maximal responding 
to a value for which the animal failed to respond. The re- 
quired number was defined as the number of pulses that 
supported a one-half maximal rate of responding and was 
determined by interpolation. The criterion for stability was a 
range of required numbers not greater than 0.15 log units 
during a stabilization test. Stabilization was carried out for 
both electrode placements. Current intensities were then ad- 
justed so as to match the required numbers at the two sites. 
(The rationale for this procedure is explained in Experiment 2.) 

Following stabilization, refractory period tests were be- 
gun. In these tests, trains of pulse pairs were used with both 
the C-pulse and the T-pulse delivered to the same electrode. 
The C-T interval was varied from 0.15-20.0 msec. Every 4 
determinations a baseline test was conducted during which 
trains of single pulses were delivered. Generally, there were 
4 baseline tests per session. In a given session the average 
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FIG. 1. Changes in T-pulse effectiveness as a function of C-T inter- 
val for refractory period tests. The subject numbers and current 
intensity used are indicated. Open circles represent the data for the 
LH placement and closed circles represent the data for the MPFC 
site. SEMs are indicated as the vertical bars at each data point, 
except where they are smaller than the symbol. 


required number from these single pulse tests served as a 
comparison for the required numbers determined in the 
10-15 pulse pair tests. 


Scaling 


The effectiveness of the T-pulse was assessed by compar- 
ing the required number of pulse pairs at each C-T interval to 
the average of the required numbers for all of the single pulse 
determinations carried out on that test day. 


N 
E =(—~)- 
Nop 
= T pulse effectiveness. 
single pulse required number. 
paired pulse required number. 


where 


If, for example, the T-pulse is ineffective because it falls 
within the absolute refractory period, the required number of 
pulse pairs will equal the required number of single pulses. 
The scaling formula will then generate a T-pulse effective- 
ness value of 0. If the T-pulse fires the same number of 
reward related neurons as the C-pulse, the required number 
of pulse pairs will be half the required number of single 
pulses and the effectiveness value will be 1. 


Histology 


At the completion of the experiment the subjects were 
administered an overdose of sodium pentobarbital and per- 
fused intracardially with 0.9% saline followed by 10% For- 
malin. The brains were removed and stored in 10% Formalin 





REFRACTORY AND COLLISION TESTS 


TABLE 1 
C-T INTERVAL (MSEC) PREDICTED TO HAVE AN E-VALUE OF 0.20 





Subject LH MPFC 





65 
58 
50 
54 
49 
11 
52 
29 


oF 
C6 
C8 
C9 
Cl4 
C15 
H1 
H2 


— eet Det 





for at least 1 week. The tissue was then frozen and sliced in 
40 um sections. Every fifth section was mounted and stained 
with formal-thionin. 


RESULTS 


All 6 rats self-stimulated at the MPFC electrode site. The 
amount of time required to shape the rats to the lever varied 
from one day to two weeks. The rate of responding for most 
animals increased steadily over the 2 week shaping period 
until it stabilized at 20-50 responses per minute. All animals 
except for C9 were trained to self-stimulate at the LH elec- 
trode site in one testing session. The rates of lever pressing 
for LH stimulation stabilized in the first testing session at 
40-150 responses per minute. Histological data are presented 
at the end of the Results section of Experiment 2. 

Figure 1 presents the average T-pulse effectiveness as a 
function of C-T interval and electrode placement for each 
subject. The characteristics of these curves that are of inter- 
est in comparing the LH and MPFC reward substrates are: 


(1) the C-T interval at which recovery begins; (2) the rate of 


recovery; (3) the C-T interval at which recovery is complete. 
To determine the C-T interval at which recovery is com- 
plete, we have developed a rule of thumb [1]. Starting at the 
longest C-T interval the mean effectiveness value (E value) 
and its associated standard error of the mean (SEM) were 
compared to the E-value and SEM for the next shortest C-T 
interval. If the SEMs overlapped, these data were pooled 
and a new mean and SEM calculated. These pooled values 
were then compared in an analogous fashion to the mean E 
value and SEM for the next shortest C-T interval. In this 
way, the shortest C-T interval for which the SEMs were 
shown to overlap was determined. This interval was defined 
as the C-T interval at which recovery was complete. 

It can be difficult to determine the C-T interval at which 
recovery from refractoriness begins because of the overlap 
of local potential summation effects with the onset of recov- 
ery. The decay of local potential summation has not been 
successfully fit by a simple function [17]. Therefore there is 
no obvious way to mathematically remove these effects from 
pulse pair data. 

We first attempted to define the lower limit of the re- 
covery curve using the iterative method described below. 
This lower limit represents the C-T interval at which little or 
no recovery has occurred. In order to obtain a measure that 
would reflect the onset of recovery in a meaningful propor- 
tion of the stimulated fibers, we estimated the C-T interval 
corresponding to an E-value of 0.2. 


TABLE 2 


C-T INTERVALS (MSEC) FOR UPPER AND LOWER LIMITS 
OF THE DATA POINTS USED IN THE REGRESSION ANALYSIS 
OF REFRACTORY PERIOD ESTIMATES FOR THE MPFC AND 
LH SUBSTRATES 





Lowest Point 


MPFC LH 


Upper Asymptote 


Subject MPFC LH 





19.108" 
96.44" 
34.26" 


Cl 3.0 : 0.6 
C6 6.0 . : 0.4 
C8 5 J 0.4 
C9 J 

C14 b. ; 0.4 30.25" 
C15 ie ; ; 0.4 12.09" 
H1 mea , 0.4 33.74" 
H2 Be a 0.4 43.37" 





*1<0.01. 
F-values for the analysis are shown (right column) 


A weighted regression analysis was performed on all pairs 
of E-values and C-T intervals below and including the C-T 
interval at which recovery was defined to be complete. Ini- 
tially, the 4 longest C-T intervals were subjected to weighted 
linear regression. An E-value and its associated 95% confi- 
dence interval was predicted for the next lowest (fifth) C-1 
interval. If the actual E-value for this C-T interval was in 
cluded in this 95% confidence interval, the regression proce- 
dure was repeated, including this pair of scores. This proce- 
dure was continued until an E-value was found that fell 
above the 95% confidence interval around the predicted 
E-value for that C-T interval. The divergence of this E-value 
from the regression line was viewed as reflecting local po- 
tential summation and/or absolute refractory period contri- 
butions. Hence, the C-T interval associated with the last 
E-value to fall within the 95% confidence interval was 
viewed as the longest interval at which no recovery from 
refractoriness was evident. 

The C-T interval at which recovery was predicted to be 
20% complete was then estimated using the weighted re- 
gression parameters. These values are presented in Table | 

A t-test for uncorrelated samples confirmed that recovery 
began earlier at the LH sites than at the MPFC sites, 
1(0.01,12)=4.57, p<0.01. Similarly, recovery approached 
asymptote at a shorter C-T interval for the LH placements 
than for the MPFC placement, 7(0.01,13)=5.54, p<0.01. 

All data points bounded by the upper and lower limits 
described above were analyzed by regression methods based 
on the analysis of variance [8]. This analysis determines 
whether the refractory period estimates for each subject are 
best described by one regression line fit to the pooled LH 
and MPFC data or by two lines; one fit to the data from each 
placement. The variability accounted for by the regression 
lines fit to the pooled data and by those fit to the individual 
data sets were statistically compared. In all 7 subjects, the 
variability accounted for by the individual regression lines 
was significantly greater than the variability accounted for 
by the regression lines fit to the pooled data (Table 2). The 
slopes of the individual curves were then analyzed by de- 
termining 95% confidence intervals about the differences be- 
tween the slopes of the MPFC and LH regression lines [8]. 





TABLE 3 


SLOPES AND 95% CONFIDENCE INTERVALS FOR THE 
DIFFERENCE IN SLOPES FOR THE REGRESSION LINES FIT TO 
THE MPFC AND LH REFRACTORY PERIOD DATA 





95% Confidence Interval 
about the 
Difference in Slopes 


Slope 


Subject MPFC LH 





0.1744-1.3106 
0.4274-0.9706 
0.4286-0.9706 


0.315 0.810 
0.126 0.680 
0.390 0.661 
0.4050 0.720 0.0812-2.2041 
.205 0.807 0.2648-0.9392 
247 1.011 0.4278-0.9965 
.207 0.669 0.2920-0.6320 





The slopes for the individual curves and the 95% confidence 
intervals for the slope differences are presented in Table 3. 
Only in one subject did the confidence interval for the differ- 
ence include 0. In the rest of the subjects the differences in 
slopes indicated that T-pulse effectiveness increased more 
quickly as a function of C-T interval at the LH placement 
than at the MPFC site. 


DISCUSSION 


The results in Fig. 1 reveal marked differences in the time 
course of recovery from refractoriness in the MPFC and LH 
reward substrates. The recovery process appears to begin 
earlier, finish earlier and span a shorter time interval in the 
LH substrate. 

The substantial difference in the C-T intervals at which 
recovery appears to begin suggests that the largest MPFC 
reward neurons have longer absolute refractory periods than 
the largest reward related neurons activated by LH stimula- 
tion. The slow rate of recovery in the MPFC substrate can be 
interpreted in two ways. It is possible that both the relative 
and the absolute refractory periods of reward related MPFC 
neurons are longer than those of their LH counterparts. Al- 
ternatively relative refractory periods may contribute little to 
the time course difference which may instead reflect differ- 
ences in the means and ranges of the absolute refractory 
period distributions for the two substrates. The unequal 
pulse technique [16] will help to choose between these two 
interpretations. 

The frequency scale that is the basis for the refractory 
period estimates has been shown to be impressively linear in 
the case of LH self-stimulation over the range of values that 
are commonly tested (note 1). Although no such careful 
examination of the frequency scaling method has been car- 
ried out for MPFC self-stimulation, the observation that 
E-values rise to values very close to 1.0 at the longer C-T 
intervals suggests that the frequency scale is adequate at this 
site as well. Even if there were some high and/or low fre- 
quency roll-off over the tested range, this could not account 
for the large differences in the time course of recovery at the 
two sites. Frequency roll-offs would expand or compress the 
excitability curve in the vertical plane but would not be ex- 
pected to shift the curves along the time axis. 

It is interesting to note that the refractory period esti- 
mates for the MPFC reward substrate exceed all values pre- 
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viously reported from behavioral brain stimulation studies. 
This demonstration that behaviorally derived refractory 
period estimates may span a large range suggests that this 
technique may prove useful in distinguishing the substrates 
for stimulation induced behaviors. 

The differences in refractory period estimates for the re- 
ward related neurons in the LH and MPFC are consistent 
with the idea that the reward substrates in these two areas 
are different. Nonetheless, it is possible that the two elec- 
trodes stimulated the same descending axons and that a seg- 
ment of these axons between the two sites was smaller in 
diameter than the portion of the axon between the LH site 
and the terminals. The existence of such a linkage is investi- 
gated in the next experiment. 


EXPERIMENT 2 


A behavioral version of the collision test [14] can be used 
to determine whether the same neurons subserve the reward- 
ing effects of LH and MPFC stimulation. This test is based 
on the conduction failure that occurs when orthodromic and 
antidromic action potentials approach each other along the 
same axon. As in the refractory period experiment, pairs of 
pulses are used but in collision studies they are alternately 
delivered through two electrodes. If the two electrodes acti- 
vate the same fiber then collision is expected when the inter- 
val between stimulation at the two sites is less than the sum 
of the interelectrode conduction time and the refractory 
period. Such collision effects are manifested in an abrupt 
decrease in the number of pulse pairs necessary to maintain a 
criterion level of behavior as the C-T interval is increased. 
That is, at short intervals, action potentials that are elimi- 
nated by the collision block must be replaced by action po- 
tentials generated by additional pulse pairs. At longer C-T 
intervals the action potentials that cause the block, as well as 
their associated refractory zones have had sufficient time to 
clear the second stimulation site and as a result the required 
number of pulse pairs decreases. Effects of this sort have 
been obtained when stimulating at rewarding sites in the LH 
and ventral tegmental area [14]. 

If the MPFC and LH are linked by reward-related fibers, 
then a collision-effect should be observed when stimulation 
pulses are alternately delivered to the two sites. 


* METHOD 
Subjects 
Six of the eight subjects from the first experiment were 
used. All current intensities were the same as in the first 
experiment except for subject C1. The current intensity used 
at the MPFC site for this rat had to be lowered from 600 to 


300 «A in order to keep the required numbers at the two 
placements equal. 


Procedure 


The procedure for determining collision effects was 
analogous to the procedure for refractory period tests with 
the exception that each pair of pulses was divided between 
the two electrodes. The C-T interval was varied from 0.4- 
25.0 msec under two conditions. In the antero-posterio (AP) 
condition, the anterior electrode (the MPFC) received the 
C-pulse and the posterior electrode (the LH) received the 
T-pulse. In the posterio-anterior (PA) condition, the LH re- 
ceived the C-pulse and the MPFC the T-pulse. The order of 
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FIG. 2. Changes in paired pulse effectiveness as a function of C-T 
interval for collision tests. Open circles refer to the antero-posterior 
tests; closed circles refer to the postero-anterior tests. SEMs are 
indicated as vertical bars except where they are smaller than the 
symbol. 


presentation of C-T intervals was counterbalanced across 
the 4-6 replications per condition. 


Scaling 


The effectiveness of paired pulse stimulation was as- 
sessed by means of a weighted scaling formula: 


Nsp, Nsp, 
=~ i+ 
N, T Nsp,, 


where E paired pulse effectiveness. 
Nsp, = lower single pulse required number. 
Nsp,, higher single pulse required number. 
Nc_y = paired pulse required number. 


The weighting is necessary in order to offset the underesti- 
mation of E-values that would otherwise result from differ- 
ences in the required number of single pulses for the two 
sites. The counter model [3] predicts that when the required 
numbers at the two placements are exactly the same, double 
pulse stimulation at long C-T intervals will be twice as effec- 
tive as single pulse stimulation. If, however, there is a differ- 
ence in the required numbers at the two sites, the maximum 
effectiveness of paired pulse stimulation will be the ratio of 
the lower and higher single pulse required numbers. The 
corrected scaling formula is equivalent to Yeomans’ [16] 
formula for pulses for unequal amplitude. 


RESULTS 


Figure 2 shows changes in paired pulse effectiveness as a 
function of C-T interval and condition for each subject. All 6 
functions are relatively flat showing no systematic changes 
in effectiveness as a result of changing the C-T interval. 
There is also little difference between the AP and PA condi- 
tions. This was confirmed statistically by use of a repeated 
measures analysis of variance (condition x C-T interval) of 
the results from each rat. There were neither significant ef- 
fects of condition nor interactions between the effects of 
condition and interval. In five of the subjects there was also 
no main effect of C-T interval. The analysis of the results for 
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Cl 0.33 
C6 0.06 
C8 0.05 
C15 0.40 
H1 0.21 
H2 0.13 
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Tracings of pertinent sections from the atlas of Pellegrino, 
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FIG. 3 
Pellegrino and Cushman [9] 
symbols. No histology was available for the electrode tip in the LH 
site for C15 


C6 however indicated that there was a significant change in 
effectiveness as a function of C-T interval, F(8,24)=2.56, 
p<0.05. Tukey post-hoc tests confirmed that the main effect 
was due to the significant differences between the effective- 
ness at 0.8 and 5.0 msec and 0.8 and 25.0 msec (HSD=0.149, 
p<0.05). There is substantial across subject variability in the 
magnitude of the summation between the rewarding conse- 
quences of LH and MPFC stimulation. Collapsed across 
C-T interval the average summation levels vary between 
0.05 and 0.40 (see Table 4). 


Histology 


The atlas [9] drawings corresponding to sections contain- 
ing the electrode tips were traced and are presented in Fig. 3. 
The section containing the LH electrode tip in subject C15 
was not available. All MPFC tips except for that of C9 were 
located in the MPFC rostral to the genu of the corpus cal- 
losum. The placement in C9 was located caudal to the genu 
of the corpus collosum, in the MPFC, just dorsal to the hip- 
pocampus. The tips of the posterior electrodes for C6 and H1 
were located within the LH at the level of the medial fore- 
brain bundle. The posterior placements in C14 and C8 were 
located in the LH medial and dorsomedial to the fornix re- 
spectively. The tips for Cl and H2 were located in the zona 
incerta. 


DISCUSSION 


No systematic changes in effectiveness as a function of 
C-T interval were observed. This finding is in sharp contrast 
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to the step-like increases in effectiveness that may be seen 
when collision tests are conducted with LH and ventral teg- 
mental electrodes [14]. It is possible, but unlikely, that 
collision effects might have been observed in the present 
study at longer C-T intervals than those tested. In order for 
such long collision intervals to be obtained, however, the 
conduction speeds of the stimulated fibers would have to be 
much slower than the available estimates for reward related 
fibers coursing through the LH [14]. 

Flat functions relating paired pulse effectiveness to C-T 
interval can be interpreted in two ways. It is possible that the 
stimulation fields at the two sites are misaligned so that they 
do not include any of the same behaviorally relevant fibers. 
Flat functions may also be anticipated if two fiber bundles 
with converging outputs are stimulated. In both cases, the 
E-values will reflect the efficiency of spatial summation. 

Neither of these interpretations adequately explains all of 
the flat functions obtained in this study. In the subjects in 
which summation levels are near 0, almost the same number 
of pulse pairs as single pulses are necessary to maintain a 
half maximal rate of responding. That is, adding stimulation 
of the second site does not appear to increase the rewarding 
effects produced by stimulation of a single site. This would 
suggest that there is little functional relationship between the 
stimulated substrates. 

This argument is weaker for those placements that show 
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greater summation levels. It appears that for these place- 
ments there is some integration of the rewarding effects de- 
rived from LH and MPFC stimulation. Summation levels for 
these subjects (C1 and C15) are nonetheless lower than those 
that have generally been observed in bilateral LH [14], LH 
and periaqueductal gray [1], and LH and ventral tegmental 
[14] tests. We have, at present, no explanation for the across 
subject variance in summation levels. 


GENERAL SUMMARY 


The first experiment showed that self-stimulation of the 
MPFC and LH involves the direct activation of fibers with 
different refractory periods. The reward related neurons in 
the LH recover from refractoriness between 0.6 and 1.5 
msec while those in the MPFC take significantly longer, be- 
tween 1.5 and 6.0 msec. 

We failed to find evidence that the same reward related 
fibers link the LH and MPFC sites. Furthermore, we have 
shown that the rewarding effects of stimulation at these sites 
summate poorly. 

The simplest explanation of these findings is that the re- 
warding effects of stimulation at the LH and MPFC are 
mediated by different reward related fibers. Experiments are 
now in progress to further characterize and trace the sub- 
strates for self-stimulation at these two sites. 
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SPITERI, N. J. Circadian patterning of feeding, drinking and activity during diurnal food access in rats. PHYSIOL 

BEHAV. 28(1) 139-147, 1982.—Using an “‘ecologically’’ relevant approach, the present study investigated (1) the associa- 
tion between feeding and drinking patterns and their circadian organization and (2) changes in general activity (or life-style), 
during ad lib conditions (fa:LD) and in a situation where access to food was restricted to the light phase (fa:L). Rats were 
housed in large outcages with nest boxes. Feeding, drinking, activity, outcage and nest occupation were recorded automat- 
ically throughout the day-night cycle. Access to food was restricted by a sliding door situated in front of the food hopper. 
Under ad lib conditions rats were mainly nocturnal, eating 94% and drinking 95% of their daily intakes at night. The patterns 
of food and water intake were similar, showing a bimodal distribution over the dark phase. During fa:L rats showed an 
initial large peak in feeding with lights on, followed by a long pause. Thereafter, feeding activity was variable but remained 
at a low level. The nocturnal drinking pattern persisted. However, 17.5% of daily water intake was meal-associated, 
compared with 71% during ad lib. Diurnal activity was associated with feeding and nocturnal activity with drinking. 
Nocturnal outcage and nest occupation patterns were not shifted to the light phase. The experiment demonstrates that rats 
on an fa:L schedule reduce food and water intake, and body weight, while still retaining circadian characteristics in the 
temporal distribution of drinking, activity, outcage and nest occupation. Further, although feeding and drinking may be 
causally related they need not occur in close temporal association. The rapidity of re-establishment of the normal feeding 
pattern, on return to free-feeding, and the close association with drinking under normal conditions, suggest the existence of 
a single or two coupled oscillators controlling feeding and drinking. 


Feeding and drinking patterns Circadian rhythm 


Locomotor activity 





WILD rats (Rattus norvegicus) are active mostly at night [9, 
37, 49, 51]. Nocturnality is also displayed when wild rats are 
kept in a seminatural environment [8] or under artificial 
light-dark (LD) regimes in the laboratory [3,36]. Activity re- 
lated to foraging, feeding, drinking and agonistic behavior 
shows a predominant bimodal distribution over the night 
[37,49]. Current concepts propose that the temporal pattern- 
ing of feeding and drinking of rats is under the influence of 
selective pressures acting within the ecological niche [11, 12, 
26]. 

In a natural or semi-natural environment, several factors 
could induce either temporary or permanent alterations in 
normal feeding, and probably also drinking patterns of wild 
rats. The scant literature on the feeding behavior of wild rat 
populations reports that rats sometimes change from a noc- 
turnal to a more diurnal pattern of activity. This usually oc- 
curs when new sources of palatable or preferred food, such 
as garbage or wheat, are available near to their burrows dur- 
ing daylight hours, at times different from the rat’s normal 
feeding periods [4, 8, 9, 44, 52]. Further, feral rats also be- 
come diurnal in response to defeats and territorial loss or 
possibly to predation at night [50,51]. 

It is also well known that various strains of laboratory- 


Food availability 


Food and water intake regulation 


bred rats usually eat and drink mainly during the dark phase 
of the LD cycle [15, 16, 30, 46, 48, 58]. The feeding and 
drinking activity of Wistar rats fed on a normal laboratory 
diet shows a bimodal distribution over the dark phase, with 
peaks at dawn and dusk [6, 14, 16, 22, 47, 48, 56]. The feed- 
ing pattern is under the control of an endogenous circadian 
oscillator, which can be phase-shifted by LD cycles but not 
by deprivation schedules [22]. 

With a change in food availability or palatability to the 
daylight hours, several studies report that nocturnal running 
wheel and drinking activity remain mostly undisturbed [15, 
16, 35, 53], while others report a shift of behavioral and 
physiological variables associated with food intake [2, 19, 20, 
24, 25, 32, 33, 58]. This conflicting evidence suggests that 
feeding or palatability schedules seem to partially mask or 
override the powerful entraining properties of the LD cycle. 
It appears, therefore, that rats become diurnal animals to a 
certain extent. However, several of these studies used short 
food presentation schedules, which did not allow for the ex- 
pression of the normal feeding pattern (e.g. [2, 19, 24, 33)). 
Rats exposed to such schedules show endocrinological 
changes [24] similar to those which also occur in stressful 
situations [45]. Thus the results of these findings are 
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equivocal and conclusions may be misleading. Further, the 
fact that rats seem to become “‘day-active’’ animals does not 
give much information about the circadian control of other 
behaviors. These effects coupled with the generally poor and 
restricted housing conditions give little insight into questions 
investigating control mechanisms underlying circadian be- 
havioral expression in more natural situations. 

By adopting a more ‘‘ecologically’’ relevant approach 
than previously reported, changes in the circadian distribu- 
tion of behavior associated with changes in food access were 
investigated over the LD cycle. In the present study, the 
temporal distribution of feeding, drinking, activity and bur- 
row occupation of male rats was recorded under ad lib con- 
ditions and during diurnal access to food. The aims of the 
experiment were (1) to investigate the association between 
feeding and drinking behavior and their circadian organiza- 
tion and (2) to explore changes in general activity (or “‘life 
style’’) with changes in food availability. 


METHOD 
Animals and Housing 


Six male Wistar rats, about 3 months old and weighing 
376 to 440 g (mean=408 g) were kept in two ‘‘climate”’ 
rooms, which were adequately screened from laboratory 
noise, 3 rats to a room. The animals were housed individu- 
ally in Plexiglas cages. Each cage consisted of an outcage 
(40x40x40 cm), with a dark perspex nest box (20x 20x20 
cm) attached to the outside of the cage. Entrance to the nest 
box (or burrow) was through a 4x4 cm opening. The nest 
box contained wood shavings for bedding, whereas the out- 
cage had a rigid wire mesh “‘tilt’’ floor. 

Outside the experimental period, food pellets (Muracon, 
Trouw, The Netherlands) in metal hoppers and water in 
plastic bottles, were available ad lib. The food hopper and 
water bottle were situated opposite each other, 40 cm apart, 
at the distant ends from the nest box. Food hoppers and 
water bottles were filled regularly, about two times per 
week, and at different times in the light phase of the LD 
cycle. Cleaning of the cages was carried out during these 
times. Lighting in each room was provided by three 
daylight-type neon tubes (40W per tube), with an LD 12:12 
regime (lights off at 12.00 hr). Light intensity inside the cages 
varied between 4 u.W-cm~® at cage floor level to about 20 
uW-cm ™® at the level of the food hopper, depending on the 
orientation of the photosensor. Light intensity inside the 
burrows was very low (<1 «4 W-cm~*). Light intensity meas- 
urements were made with a U.D.T. model 40 optometer 
using a radiometric filter and a food-candle diffuser. Room 
temperature was thermostatically controlled at +21°C. Rel- 
ative humidity was constant at 60%. 


Recording 


Feeding, drinking and locomotor activity, outcage and 
nest occupation were recorded continuously throughout the 
experiment on a 20-channel Esterline-Angus Event Re- 
corder. 

Food intake. Since the recording method of feeding ac- 
tivity has been described elsewhere [22], only a brief de- 
scription is provided here. The gnawing and biting of food 
pellets through stainless steel bars caused the food hopper to 
swing slightly. This movement produced an electrical signal 
causing a pen deflection on the event recorder. Most of the 
spillage was collected in an undertray attached to the hop- 
per. The daily amount of spillage collected beneath the tilt 
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floor ranged from 0.05 to 0.2 g. Access to food was restricted 
by means of an automatic, horizontally-sliding door situated 
in front of the food hopper. 

Water intake. Drinking activity was recorded by means of 
an L-shaped stainless steel pedal situated below the water 
bottle, with a vertical lip just in front of the drinking spout. A 
brass hood was mounted above the drinking spout. Depres- 
sion of the pedal exposed the drinking nipple and activated a 
microswitch. Visual observations of rats drinking correlated 
well with recordings. Rats kept the drinking pedal depressed 
only while drinking. 

Locomotor activity, outcage and nest occupation (habi- 
tation patterns). These were recorded by means of a wire 
mesh tilt floor, which was pivoted along the middle. Mi- 
croswitches were situated at each corner of the outcage be- 
neath the floor. Movement of a rat across the cage tilted the 
floor and depressed one or more of the microswitches. This 
produced a series of deflections on the recording paper. 
When a rat was stationary, one or two of the switches re- 
mained depressed, thereby producing a sustained deflection. 
Absence of a single continuous deflection or a series of de- 
flections indicated that the rat was in its burrow. This was 
confirmed by visual observations. 


Meal and Drink Definitions 


The rationale used for defining a meal has been presented 
elsewhere [22]. Based on frequency distributions of inter- 
meal intervals plotted for individual! animals, an inter-meal 
interval of 15 minutes was adopted in defining feeding 
periods into individual meals. 

Drinks were defined according to the method described 
by Marwine and Collier [26]. Briefly, two categories of drink- 
ing bouts were recognized, as follows: (a) Meal-related 
drinking: all drinking bouts occurring up to 15 minutes prior 
to, during, and up to 15 minutes following a meal. (b) Non- 
meal-related drinking: separated from meals by at least 15 
minutes. 


Experimental Procedure 


The experiment lasted 10 weeks and consisted of the fol- 
lowing periods. 

The rats were given a 3 week habituation period in the 
cages with food and water available ad lib (fa: LD). Week 3 of 
the habituation period was considered as control week | of 
the experiment. Following this week food was made avail- 
able to the rats only during the light phase (fa: L), for a period 
lasting 4 weeks. Water was continuously available. This 
period consisted of experimental week 2 to week 5. Thereaf- 
ter, food and water were freely available. This condition 
lasted for 3 post-experimental weeks. 

Food and water intake were measured daily, and at dif- 
ferent times in the light phase (during the control and post- 
experimental weeks) and dark phase (during the experi- 
mental weeks) of the LD cycle. Body weight was measured 
once per week, with one exception: the rats were also 
weighed immediately following the first 12 hours of diurnal 
food access. 


Data Analysis and Presentation 


Food intake. Correlations between the time spent feeding 
(duration) and the amount of food eaten (quantity) were cal- 
culated for a single meal, a sequence of 3 to 4 meals, and 
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total daily number of meals for individual animals over a 
period varying from 5 to 8 days during habituation. 

Further, separate correlations between duration and in- 
take were obtained for both control and experimental weeks. 
Correlations ranged from r= +0.83 to r=+0.97, and all were 
highly significant (p<0.01). This suggests that, with this feed- 
ing apparatus, meal duration is a good reflection of meal size. 

For each rat, the mean time spent feeding per 60 minutes 
over the LD cycle was calculated per week, and expressed 
as a percentage of the total feeding duration. The means for 6 
rats were presented as histograms. Since standard errors of 
the means were very similar, averaged standard errors were 
taken for feeding and drinking activity per week. Further, 
since feeding patterns for experimental weeks 2 and 5 were 
very similar, only histograms for weeks 2 and 5 are pre- 
sented. This also applies for drinking and habitation pat- 
terns. 

Water intake. The following method was adopted in ob- 
taining a measure (index) of drinking activity: Drinks < | 
minute were scored as 1; drinks < 3 minutes and > | minute 
were scored as 2; and drinks >3 minutes were given a score of 
3. Indeces for all rats were expressed as percentages of totals, 
as for feeding activity. These results were compared with 
original as well as controlled, timed recordings of drinking 
activity. Individual tests on rat drinking behavior showed 
that the drinking rate for each rat remained remarkably con- 
stant throughout the experiment. These tests also showed a 
strong agreement between the amount of water consumed 
and the drinking index. 

Habitation patterns. Durations of locomotor activity, 
outcage and nest occupation were calculated per 60 minutes 
for each rat. The means for 6 rats were expressed as percent- 
ages of total per 60 minutes over the LD cycle, and averaged 
per week. 


RESULTS 
Changes in Feeding and Drinking Patterns 


Figure | and Fig. 2 show the distribution of feeding and 
drinking, over the LD cycle, of male rats with normal access 
to food and water (fa:LD). Feeding activity was bimodally 
distributed during the dark phase, with a prominent peak in 
the beginning (dusk feeding peak) and another towards the 
end (dawn feeding peak) of the night (Fig. 1, week 1). A small 
increase in feeding was also observed around the middle of 
the dark phase. Rats ate about 94% of their daily intake in the 
dark phase. Drinking activity followed a similar pattern, with 
rats drinking 95% of their daily water intake during the dark 
phase (Fig. 2, week 1). Four out of the six rats were com- 
pletely nocturnal. 

During the first week of diurnal food access (fa:L) feeding 
activity was bimodally distributed over the light phase, al- 
though the pattern was different from the normal feeding 
pattern. Intake in the first hour of the light phase was high 
and amounted to nearly 50% of total intake (Fig. 1, week 2). 
This initial peak was followed by a trough in food intake. 
Thereafter, intake increased gradually up to the beginning of 
the dark phase, and food restriction. This pattern of intake 
persisted throughout four weeks of access to food in the light 
phase (Fig. 1, week 5). Over these 4 weeks feeding activity 
decreased in the first hour to about 39% of total intake in 
week 5, while feeding at the end of the light phase increased 
from 11% to nearly 14% of total intake during week 5. How- 
ever, this increase was not significant. During the first post- 








7 
T 


T 











So 
a\ r 


fe) O 
T T T 


T 


percentage duration of feeding 





a 
T 














time (hours) 


FIG. 1. Percentage distribution of feeding across the LD cycle dur- 
ing the control week (1), experimental weeks (2 and 5) and 
post-experimental week (6). Duration of feeding per hour is ex- 
pressed as percentage of total feeding duration. Vertical bar repre- 
sents one standard error of the mean (sem) 


experimental week, nocturnal feeding activity increased to 
about 86% of total intake (Fig. 1, week 6). 

In contrast to the ad lib situation, the drinking pattern 
differed from that of feeding. Changes in drinking activity are 
presented in Fig. 2, week 2 and 5. The drinking pattern per- 
sisted during the dark phase, with a pronounced increase in 
drinking during the first hour after “lights out.’’ Drinking 
activity in the dark phase, however, decreased from 76% (of 
total intake) in week 2 to 67% in week 5. This still represents 


‘a substantial amount of drinking in the dark phase. During 


fa:L, there was also a significant increase in drinking early in 
the light phase, from 5% in week 2 to 8% in week 5. On return 
to fa:LD, drinking activity during the first hour in the light 
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FIG. 2. Percentage distribution of drinking across the LD cycle 
during the control week (1), experimental weeks (2 and 5) and post- 
experimental week (6). The drinking activity per hour is expressed 
as percentage of the total drinking activity. Vertical bar represents 
one standard error of the mean (sem). 


phase decreased to 3% (week 6), while nocturnal drinking 
activity increased to 85% ot total intake. 

Drinking occurred in close association with feeding. Dur- 
ing the control week, about 71% of all drinking occurred 
within 15 minutes of a meal (meal-related drinking). This is in 
agreement with previous studies using different methodolog- 
ical and analytical approaches [15,23]. Drinking activity in 
the light phase increased during the period from week 2 to 
week 5 of the experiment. Most of this diurnal drinking (85%) 
was meal-related drinking. Inter-meal drinking increased to 
82.5% in the experimental weeks. 

The selection of meal and drink patterns of one rat pre- 
sented diagrammatically in Fig. 3, was typical of all rats. The 
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FIG. 3. Diagrammatic representation of meal and drink patterns for 
one rat (# 2) during the three control days (5-7), seven experimental 
days (8-11 and 32-34) and four post-experimental days (35-38). Meal 
durations are to scale and are shown to the nearest 6-minute period. 
Durations of drinks are represented by the black vertical bars: small 
bar=drink<1 min; medium bar= >1 but <3 mins; large bar= >3 
mins. Amounts drunk varied from a minimum of 0.8 ml (drinks <1 
min) to a maximum of 5.3 ml (drinks > 3 minutes). Notice the 
particularly rapid synchronization between feeding and drinking on 
return to free-feeding after diurnal food access (day 35). During the 
experimental weeks, the nocturnal distribution of drinking showed 
remarkable constancy. 


patterns show several interesting features which merit con- 
sideration. First, most of the drinking in the ad lib situation 
was either pre- or post-prandial, with a few non-meal-related 
drinks. Prandial or intrameal drinking was infrequent. Sec- 
ond, Fig. 3 shows clearly the peristence of the nocturnal 
drinking pattern when food was restricted to the light phase. 
A third feature is the precise timing of some of the drinks, 
particularly those which occurred towards the end of the 
night. It can be seen from the figure that drinks in the light 
phase were mainly post-prandial. Fourth, during diurnal 
food access, the first meal was always the largest. A fifth 
feature is the following: when a rat was interrupted during a 
meal by door closure (and therefore lights-out) it im- 
mediately drank copious amounts of water, usually by taking 
more than one drink.An example can be seen in Fig. 3, day 
32. Finally, the ‘‘reassociation’’ or resynchronization be- 
tween the feeding and drinking patterns deserves considera- 
tion (Fig. 3, days 35 to 38). One should note that when food 
was continuously available again, rats ate meals in close 
association with drinks, in distinct periods during the dark 
phase, and this occurred already during the first night. Drink- 
ing activity in these periods was high, when access to food 
was restricted to the light phase (Fig. 3, days 8 to 11, and 
days 32 to 34). Initially, however, not all rats ate in the 
middle period (around 19.00 hr); but feeding in this period 
reappeared gradually over a period of 3 to 4 days. Notice 
also the rapid changeover to nocturnal feeding after day 35. 
In particular, the precise timing of some of these meals 
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FIG. 4. Means+SEMs of (A) food and water intake, in grams, (B) 
meal duration, in minutes, and (C) meal frequency, of 6 rats during a 
control week (days | to 7), four experimental weeks with diurnal (L) 
food access (days 8 to 35) and one post-experimental week (days 36 
to 42). The change in food intake strategy on day 8 is obvious. 
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shows remarkable constancy from day to day. This precise 
timing of certain meals and drinks could not have been 
caused by some unsuspected environmental event, for the 
following reasons. First, cages were housed in sound- 
screened rooms (see Animals and Housing) situated in the 
basement of the building. Second, rats also ate and drank at 
times when no one was present in the building (around 20.00 
hr and 23.00 hr, Fig. 3). Third, comparisons of the feeding 
and drinking patterns of individual rats housed in separate 
rooms showed strong similarities. Further, synchrony be- 
tween feeding patierns has been reported recently for rats 
which were individually housed in sound- and _ light- 
attenuating cages [38]. 


Food and Water Intake 


Daily means for food and water intake are presented in 
Fig. 4(A), and weekly means in Table 1. 

There was a significant decrease in food and water intake 
during the first fa:L week. Food intake showed a large im- 
mediate decrease during the first day of restricted access, 
with some recovery during the second day. During these 
initial days, water intake did not change from control levels. 
After this period, food intake stabilised at about 75% (+ 18.3 
g) of normal values, but water intake continued decreasing 
gradually. These changes are best reflected in the water/food 
intake (W/F) ratios presented in Table 1. It is obvious that 
the W/F ratio approached control levels only during the 
fourth experimental week (week 5). During the first post- 
experimental week (week 6), this ratio did not change signifi- 
cantly. Food and water intake levels increased rapidly during 
week 6, and approached control levels by the end of this 
week. 


Changes in Meal Variables 


Figure 4(B) shows the mean meal duration and Fig. 4(C) 
the meal frequency (number of meals) distributed over the 
three stages of the experiment. Mean meal duration in- 
creased from 9.8+0.2 minutes during free feeding to between 
19.6+0.4 and 22.0+0.4 minutes during diurnal food access. 


TABLE | 


MEAN VALUES (+SEM) OF FEEDING DURATION, FOOD AND WATER INTAKE, FEEDING 
WATER/FOOD RATIO DURING THE THREE STAGES OF 


EFFICIENCY AND 


THE EXPERIMENT 





Food 


access 


Feeding 


Stage duration 


Water/food 
ratio 


Food 
intake 


Water 
intake 


Efficiency 
g-min™' 





Control 


18.0 + 0.6 
18.6 + 
17.6 + 0.2 
17.8 + 


Experimental 


Post- 
Experimental 


24.2 + 


0.2 


+ 0.09 
+ 0.02 
+ 0.02 
+ 0.02 


0.3 


0.4 


+ 0.02 





*: feeding duration during the D-phase. 
LD: light-dark. 











FIG. 5. Mean body weight (g) of 6 rats throughout the whole exper- 
iment, including the habituation weeks (1 to 3) post-experimental 
weeks (8 to 10). Week 3 of this graph corresponds to Control week | 
in the experiment proper. Arrows indicate the beginning and end of 
diurnal food access. 


The difference is obvious and large. Meal frequency de- 
creased. From the amount of food eaten (Fig. 4A), it is evi- 
dent that the increase in meal duration did not fully compen- 
sate for the decrease in meal frequency. This may have been 
partly due to a decrease in feeding efficiency (food intake in 
grams pre minute) during the experimental weeks (Table 1). 
Visual observation of rats at the feeding site showed that rats 
had changed their feeding behavior at the handling and in- 
gesting stage [12]. In the dark phase, rats normally gnawed 
off small pieces of food and ate them in the vicinity of the 
food hopper. However, when food was restricted to the light 
phase, a rat left its burrow, gnawed off a small piece of food, 
returned to the burrow and ate the food there. This behav- 
ioral sequence was shown by all rats during every meal, 
irrespective of its time of occurrence in the light phase. (Two 
rats, which were not completely nocturnal, also showed this 
behavior when feeding in the light phase, during ad lib con- 
ditions.) There was no evidence of hoarding. On return to 
free feeding, feeding efficiency increased as expected (during 
the dark phase rats handled and ate the food at the hopper). 
Meal duration and meal frequency gradually approached 
control values towards the end of week 6 (Fig. 4, days 35- 
42). 


Bod) W eight 


The mean weekly body weight during the experiment is 
presented in Fig. 5. The mean increase in body weight during 
the habituation period (the first 3 weeks of the experiment) 
was about 12 g per week. With diurnal food access, animals 
lost weight during the first week. The rate of body weight 
increase during the remainder of the experimental period 
was obviously different from control (slopes of the regres- 
sion lines: control=11.8 g; experimental=3.7 g). Body 
weight increase during the post-experimental weeks was 
somewhat higher than control. 


Habitation Patterns 


Figure 6 presents the percentage distribution of locomo- 
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FIG. 6. Percentage distribution of locomotor activity, outcage and 
nest occupation per hour, across the LD cycle during the control 
(week 1) and experimental weeks (2 and 5). 


tor activity (mainly nest visits and excursions), outcage and 
nest occupation per hour over the LD cycle, for control 
week | and experimental weeks 2 and 5. 

In the ad lib period, rats spent most of their times in the 
burrow during the light phase with a few, short excursions. 
Nest occupation decreased during the dark phase, so that 
towards the end of this phase rats spent only about 20% of 
the time in the nest box. Locomotor activity showed an in- 
creasing trend over the dark phase. Rats spent more time in 
the outcage during this phase. This was not unexpected since 
rats also ate several meals. Furthermore, rats ‘‘rested”’ 
frequently after a meal usually in the vicinity of the food 
hopper. In general, burrow excursions and visits were seen 
to precede and follow episodes of food and water intake. 
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With diurnal food access, these habitation patterns 
changed significantly from control (Fig. 6B), but further did 
not alter during the fa:L stage, apart from a decrease in 
outcage occupation. Initially there was a large increase in 
nest occupation mirrored by a decrease in outcage occupa- 
tion, during the dark phase. Locomotor activity increased 
during the light phase. This was mainly food-associated ac- 
tivity and defines the handling and ingestive behaviors de- 
scribed earlier. Comparisons of feeding (Fig. 1B, C) and ac- 
tivity (Fig. 6B, C) patterns clearly support this observation. 
Locomotor activity in the dark phase, however, was mainly 
associated with drinking excursions. Rats were also particu- 
larly active during the first two to three hours and the last 
two hours of the dark phase. During these periods, rats thor- 
oughly investigated (pawed and licked) the door which shut 
off the food hopper from the cage. This investigatory behav- 
ior persisted throughout the experimental weeks. 


DISCUSSION 


The results of the present experiment show that first, 
when food is restricted to the light phase rats do not become 
diurnal in the sense that they show a complete shift of noc- 
turnal behavioral processes to the light phase, and diurnal 
processes to the dark phase (cf. [41]). Second, endogenous 
circadian factors play an important role in determining the 
expression of feeding and drinking patterns. 

A most striking finding is the dissociation between feed- 
ing and drinking with diurnal food availability. Figure 1 and 
Fig. 2 demonstrate that although rats decreased their noctur- 
nal drinking activity by about 28% during diurnal food ac- 
cess, the nocturnal drinking pattern persisted. This pattern 
was similar to the one seen during ad lib conditions, and 
complements previous experiments in which rats were given 
restricted access [15,53] or palatable [16] food during the 
diurnal hours. These results conflict with other studies using 
similar experimental paradigms (e.g., [32,58]). 

During the experimental weeks, rats did not show a full 
expression of the normal circadian feeding pattern, although 
a bimodal distribution was evident. There occurred changes 
in meal patterning (Figs. | and 3), a decrease in meal fre- 
quency and an increase in meal duration (Figs. 3 and 4). On 
return to free-feeding, however, the meal pattern ap- 
proached normal (Fig. 1, week 6). This was accomplished 
through (1) a very rapid shift of diurnal meals to the dark 
phase, resulting in a resynchrony with drinking and (2) an 
increase in meal frequency accompanied by a decrease in 
meal duration. These results show that first, when food was 
available in the light phase, the circadian oscillator control- 
ling drinking remained entrained to the LD cycle. Second, 
the rapid resynchronization and the resulting strong associa- 
tion between feeding and drinking on return to continuous 
food access, argue strongly for a unitary, endogenous, cir- 
cadian control of feeding and drinking [7]. The observation 
that during the experimental weeks rats inspected (licked 
and pawed) the shut food-hopper doors at times normally 
corresponding to peak feeding activity in the dark phase, 
lends further support to this hypothesis. Oatley’s study [30], 
suggesting the existence of two independently operating os- 
cillators controlling feeding and drinking, is open to an alter- 
native explanation. The nature of the schedule in the present 
experiment ‘‘enforced”’ rats to eat in the light phase without 
necessarily phase-shifting or disrupting the entrained oscil- 
lator. This explanation is equally applicable to Oatley’s data. 

Thus with feeding schedules, rats may initiate eating in 


response to physiological signals registering an energy defi- 
cit, without phase-shifting the oscillator (or two coupled os- 
cillators) which otherwise controls feeding and drinking. 
This oscillator remains entrained to the LD cycle. 

A further insight into the association between feeding and 
drinking can be gained from meal-drink relationships. Dur- 
ing ad lib feeding, drinking was mainly meal-related, while 
during the experimental weeks drinking was largely non- 
meal-related, reflecting the dissociation of feeding from 
drinking. However, this dissociation was not total. With ac- 
cess to food in the light phase, some drinking occurred in 
association with feeding. These drinks were mainly post- 
prandial and could have occurred as a result of dry mouth 
[54,55] and/or osmotic factors [13,17]. There were few pre- 
prandial drinks suggesting that rats did not learn to drink in 
anticipation of a large meal, supporting previous findings 
[30]. Rather, rats drank a small amount (24% to 33% of total 
intake) relative to the amount of food eaten. It is possible, 
therefore, that this may have resulted in some dehydrative 
loss and/or fluid imbalance during the light phase [54]. If this 
were so, the large increase in water intake in the beginning of 
the dark phase can be regarded as compensatory drinking in 
response to this loss. Due to the close temporal association 
between feeding and drinking, it has been argued that these 
behaviors are causally related, and that rats cannot tolerate 
extended periods of water restriction [10,23]. The present 
findings lend support to previous reports which suggest that 
although feeding and drinking may be causally related, they 
need not necessarily occur in close temporal association 
[39,40]. 

During the experimental weeks, drinking and feeding ac- 
tivity were highest particularly at dawn and dusk; that is, rats 
ate and drank at times close to their normal ingestive 
periods, and probably situated within the circadian oscillator 
control of these periods [22]. Thus, rats ‘‘prefer’’ to ingest 
food and water at around the dawn and dusk periods, under 
most conditions. It must be remembered that the *‘on-off”’ 
lighting regimes present in the laboratory do not occur in 
nature, were transitions in illumination levels occur. 

The finding that food intake and body weight decreased 
sharply and never regained control levels during 4 weeks of 
diurnal food access is in contrast to studies using similar or 
shorter feeding periods [15, 28, 43, 53, 58]. Water intake 
decreased gradually during the experimental period (Fig. 4A 
and Table 1). This decrease is probably an adaptive change 
due to a decreased metabolic need for water [54,55] since the 
water intake of the food deprived or restricted rat does not 
represent a short-term “‘essential’’ need [27]. 

It has recently been suggested that one strategy a rat 
adopts in dealing with increased consumption costs is by 
decreasing intake and maintaining a lower body weight [12]. 
The results of this study clearly show this. Throughout the 
experiment, procurement costs (rats gnawing food pellets 
through the hopper bars) remained constant while consump- 
tion cost did not. When food was made available during the 
daylight hours, rats increased their time and energy costs by 
approaching the food hopper, gnawing pieces of food off, 
running back to the nest box and consuming the food there. 
Thus the decrease in meal frequency (Fig. 4C) can be partly 
explained in terms of rats eating less in order to minimize 
work. This is in agreement with studies which used operant 
methods for increasing consumption costs [1,12]. However, 
viewed from an ecological perspective, this ingestive behav- 
ior can be explained as some kind of endogenously con- 
trolled avoidance behavior to predation at unsafe times. 
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Feral rats show analogous behavior to this [4, 8, 34]. An 
interesting point is that the increase in consumption cost 
(varying the number of bar-presses per Noyes pellet) in Col- 
lier et al.’s study [11] was experimenter-imposed, whereas in 
this study rats adopted a self-imposed increase. Rats also 
spent a similar amount of time acquiring and ingesting food 
during the dark phase in the control week, and in the light 
phase during the experimental weeks. The mechanism(s) 
which exert such control over the duration of food intake for 
both feeding strategies are so far unknown. 

Although sleep was not recorded directly in this study, 
habitation patterns strongly mirror sleep patterns observed 
under normal conditions [6] and in an experiment using a 
similar food restriction schedule [28]. When food and water 
were freely available, both total sleep duration and nest oc- 
cupation were high in the light phase and low in the dark 
phase (compare Fig. 6 with Figs. 1 and 2 in [28]). With access 
to food in the light phase, the sleep pattern changed but did 
not show complete reversal. Nest occupation showed com- 
parable changes. Sleep showed troughs around dawn 
(lights-on) and dusk (lights-off), while in this experiment 
peaks in drinking, feeding and locomotor activity also oc- 
curred around these times. Such observations suggest that 
rats feed and drink when the motivation for sleep is low. 

In this study, albino (unpigmented) rats housed in large 
cages equipped with nest boxes displayed a greater degree of 
nocturnality than has been previously reported for rats 
housed in cages with [29] and without nest boxes [16, 22, 47]. 
In fact, it has been reported that rats show decreased noc- 
turnality when nest boxes are added to their home cages 
(Rusak and Block, unpublished observations, 1973, cited in 
[42]). Rats also showed clearly defined meals and drinks. 
Similar results (but only for meals) have been obtained for 
rats housed in small cages equipped with niches [29]. Clear 
patterns of feeding and drinking are dependent, to a certain 
extent, on the apparatus used for recording feeding and 
drinking behavior, and on the kind of food. But this cannot 
fully account for the strong nocturnality of these behaviors 
(four rats ate and drank only during the dark phase). 

Several explanations present themselves to account for 
the increased nocturnality observed in this experiment. 
First, it is possible that most rats remained in their burrows 
during the light phase in order to avoid the aversive or retinal 
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damaging properties of the relatively bright light used in this 
study. Apart from enhancing sleep [5] and inducing 
anatomical and physiological changes [31,57], high light in- 
tensity is aversive to albino rats [1]. Second, since nest 
boxes were provided with a deep (10 cm) layer of wood 
shavings, ambient temperature within the nest boxes was 
presumably higher than room temperature (nest box tem- 
perature was not measured in this study). Probably, energy 
costs associated with thermoregulation were less than for 
rats housed in cages with a wire mesh floor. It is well known 
that food intake of rats decreases with a rise in ambient 
temperature [18]. Third, the cleaning and maintenance of the 
cages, the weekly weighing of rats and the daily weighing of 
food and water may have been disturbing to the rats, which, 
as a result, become more nocturnal. This notion gains sup- 
port from studies which report the foraging activities of wild 
rats. These rats show strict nocturnality when, for example, 
there is a high risk of predation or disturbance during the 
daylight hours [34, 37, 49]. In all probability, no single factor 
alone but a complex interaction between the above men- 
tioned causal factors was responsible for the increased noc- 
turnality of rats observed in the present experiment. 

In summary, normal body weight increase, food and 
water intake were not defended during diurnal food access. 
Further, this change in food availability did not alter the 
distribution of behaviors in the way changes in the LD cycle 
do [21, 53, 58], suggesting that the feeding schedule did not 
act as entrainer. The rapidity of re-establishment of the nor- 
mal feeding pattern, after termination of the diurnal feeding 
schedule, and the close association with drinking under nor- 
mal conditions, suggest the existence of a single or two 
coupled oscillators, rather than two independent circadian 
oscillators, controlling feeding and drinking. Finally, the pat- 
terning of ingestive behaviors observed in this study 
demonstrates that with changes in food availability rats alter 
their intake strategies, while still retaining circadian charac- 
teristics in the temporal distribution of drinking, activity, 
outcage and nest occupation. 
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PANHUBER, H. Effect of odor quality and intensity on conditioned odor aversion learning in the rat. PHYSIOL. 
BEHAV. 28(1) 149-154, 1982.—Odor quality and intensity were varied to test the ability of rats to associate odor with an 
induced illness. Rats were allowed 10 minutes access to water on each of nine days; deodorized air was directed towards 
each rat’s nose while drinking at familiarization and recovery sessions (days 1-5 and 7-8, respectively) and odorized air at 
treatment and test sessions (days 6 and 9, respectively). Each rat was injected with LiCl following its drinking period on day 
6. The difference between the amount of water consumed on day 6 and day 9 gave a measure of the conditioned aversion. 
Only mild or no aversion occurred with odors of n-butyric acid, benzylamine, cyclohexanone, and n-butanol. Strong 
conditioned aversions were obtained to odors of triethylamine, | ,4-cineole, and isoamy] acetate, and the degree of aversion 
increased linearly with the log of odor concentration. The effect of odor quality, intensity and presentation method, and the 
role of the different chemoreceptor systems in the acquisition of odor aversions are discussed 


Aversion learning Odor aversions Olfactometer 


RATS can be conditioned to form an aversion to a flavored 
solution if ingestion is followed by toxicosis [9,10]. Most 
studies of such conditioned aversions have been aimed at 
elucidating the mechanisms underlying the learning process 
involved in associating the flavor with the effects of toxico- 
sis. However, the properties of the stimulus which affect 
conditioned aversions have not as yet been systematically 
studied. Odorous stimuli, for example, have been considered 
to be ineffective conditioning stimuli for aversion learning in 
the rat [9,12], while taste, and mixtures of taste and olfactory 
stimuli (flavors) have been reported to give strong con- 
ditioned aversions [10,18]. 

Only a limited number of odors and a few different 
methods of presentation have been used to determine if rats 
will learn to associate an odor present during the consump- 
tion of water with an induced illness. Lorden, Kenfield and 
Braun [16] obtained significant conditioned aversions to the 
odors of geraniol, acetone and isopropanol, and Taukulis 
[22] obtained a strong aversion to the odor of n-amy] acetate. 
Domjan [8], using the odor of menthol as a conditioning 
stimulus, reported a 50% reduction in water intake after one 
pairing of the odor and a LiCl-induced illness, but Hankins, 
Garcia and Rusiniak | 12] only obtained weak aversions to the 
odor of peppermint. 

The different levels of aversion recorded to the odors 
tested by these investigators suggest that odor quality may 
be an important factor in mediating conditioned odor aver- 
sions. However, the variety of methods used for odor pre- 


Odor quality 


Odor intensity Rats 


sentation and the lack of control of odor concentration, may 
also have contributed to these differences. Domjan [8] and 
Lorden, Kenfield and Braun [16] presented the conditioning 
odor so that it permeated the whole of their experimental 
apparatus, while Hankins, Garcia and Rusiniak [12] placed a 
disc impregnated with a few drops of the odorant close to the 
end of the drinking spout. Taukulis [22] devised a system 
whereby a stream of odorised air was delivered to the end of 
the drinking spout. An exhaust minimized the build up of 
odor in the experimental chamber: thus a source was pro- 
vided for an odor which appeared to the rat to come from the 
water. Taukulis’ method was criticized [18] for having 
produced an aversion to the taste, rather than to the smell of 
amyl acetate, by directing the odor into the rat’s mouth while 
drinking. Despite the criticism, this method represents the 
most serious attempt to control the delivery of odors to the 
nose. 

The present study arose from a need for a rapid behav- 
ioral method for determining the sensitivity of rats to various 
odors and their ability to discriminate between them. The 
effect of odor quality and intensity on the level of aversion 
was tested to determine if conditioned odor aversions could 
provide a useful basis for such a method. In an attempt to 
overcome criticisms concerning odor presentation, a modifi- 
cation of Taukulis’ method was used in which the odors were 
directed towards the rat’s nose by a separate tube situated 
well above the water spout, thereby minimising the chance 
of odors entering the mouth. 
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METHOD 


Animals 


Two hundred and fifty Sprague-Dawley rats weighing be- 
tween 300 and 500 grams were obtained from the Macquarie 
University (Sydney, N.S.W.) animal breeding facility; all 
were experimentally naive adult males. Animals from the 
different litters were assigned to 35 groups, with 6-10 ani- 
mals per group, each group being tested to only one concen- 
tration of one odor. The rats were housed in pairs and kept in 
their home cages throughout the experiment. A board was 
used to separate each pair of rats during their drinking ses- 
sion. When not being tested they were kept in an air- 
conditioned room adjoining the room in which testing was 
carried out. 


Olfactometer 


An air dilution olfactometer, similar to that previously 
described [15], was used to deliver measured concentrations 
of each odor tested. The concentration of odor was varied by 
regulating a flow of high purity nitrogen passing over the 
odorant contained in a glass vessel and using further dilu- 
tions as necessary before the final air dilution. To produce 
some very low concentrations, the flow of nitrogen saturated 
with odor was further diluted with a second regulated flow of 
nitrogen before air dilution, and for some very high concen- 
trations two or more of the glass odor saturators were used in 
parallel. The odor saturators were empty on days 1I-S, 7 and 8. 

The odorous stream of N, was diluted by air supplied by 
an oil-less compressor; the air had been passed through a 
refrigerated trap, an oil drop-out filter, a regulator and a 
carbon filter; the flow was finally monitored by a rotameter. 
Complete mixing of the odorous stream of nitrogen (20-500 
ml min~') and the air stream (3000 ml min~') was ensured by 
placing the junction of the two lines some distance before the 
inlets to the cages. The flow of odorized air was split to 
provide a final flow of 1500 ml min™ to each rat. The end of 
the air tube was situated approximately 5 cm from the end of 
the water spout (Fig. 1) to direct the gas stream towards the 
rat’s nose while it was drinking. All connections and tubing 
from the carbon filters to the rat’s home cage were made of 
Teflon. 

The concentrations of odors used were calculated from 
the dilutions of the flow leaving the saturator and from the 
weight of odorant lost from the saturator during the time 
nitrogen was passed through it. Except for the main air flow 
which was monitored by an in-line rotameter, all flows were 
measured using a soap bubble flow meter. All odor concen- 
trations were expressed as a fraction of the saturated (maxi- 
mum) vapor concentration for each odorant at standard tem- 
perature and pressure. 


Procedure 

Seven odors were tested over a range of concentrations; 
the minimum number of concentrations tested for any one 
odor was 4 and the maximum 7. Odors were chosen which 
were qualitatively different and which also allowed compari- 
sons with Taukulis’ results and with the electrophysiological 
data of Cain and Bindra [6]. Table 1 summarizes some prop- 
erties of the odors and gives the range of concentrations 
tested. Each odor was first tested at approximately 10~? to 
10-* of saturated vapor concentration at 20°C; depending on 
the degree of aversion obtained at this concentration, the 
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FIG. 1. A rat in its home cage during a 10 min drinking session, 
showing the position of the odor delivery tube in relation to its nose. 


next concentration tested was '/2 to | log unit higher or 
lower. 

Rats were acclimatized to the holding room environment 
for five days, with ad lib food and water, and then deprived of 
water for the following two days. On each of the next nine 
days (days 1-9) rats were allowed 10 minutes access to 
water. Deodorized air was directed towards each rat’s nose 
while drinking on familiarization and recovery days (days 
1-5 and 7-8), and odorized air with the same air to nitrogen 
ratio on treatment and test days (days 6 and 9). Each rat was 
given an intraperitoneal injection of 0.15 M LiCl solution (2% 
body weight) within two minutes of completing the 10- 
minute period for drinking on the treatment day (day 6). 

Isoamyl acetate at 1.25 10-? of saturated vapor concen- 
tration was used in a preliminary test with two groups of 8 
rats each; one group was injected with LiCl, the other with 
an equivalent volume of physiological saline. The group in- 
jected with saline served as the non-toxicosis control for the 
entire experiment and was used to ensure that aversions re- 
corded were not an artefactual results of the methodology. 

Isoamyl acetate was inadvertently used in the present 
study instead of n-amyl acetate because of the incorrect 
labelling of a reagent bottle by a manufacturer; on analysis 
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TABLE | 


PROPERTIES OF ODORS USED TO TEST FOR CONDITIONED ODOR AVERSION 
AND THE MAXIMUM AVERSION OBTAINED 





Odor Odor 


Source and Purity 


Quality Description 


Range of Concentrations 
(Fraction of Saturated Maximum 
Vapor Concentration) Aversion* 
Minimum Maximum (%) 





Triethylamine Sweet-Amine 

Fluka >99% 
n-Butanol 

BDH A.R. ~95% 
1,4-Cineole 

Fluka 99% 
Cyclohexanone 

Fluka >99% 
Isolamy] acetate 

Analar ~98% 
Benzylamine 

Fluka >99% 
n-Butyric acid 

Fluka >99% 


Sweet-Alcoholic 
Eucalyptus 
Minty-Almond 
Banana 
Ammoniacal 


Rancid butter 


4.9x 10-° 2.5x 107? 67 


2.9x 10-° 3.7x 107? 14 
1.9x 10 5.6x 10-? 
x10 2.6 107! 
3.1x10-? 
7.1x10-? 


6.6x 10-7 





*Maximum difference between water consumptions on days 9 and 6 as a percentage of 


base level consumption. 


*+Maximum conditioned odor aversion was not obtained at the highest concentration. 


this bottle, though labelled *‘amyl! acetate,’’ was found by 


gas chromatography-mass spectrometry to contain 98% iso- 


amyl! acetate. Both compounds, however, have a similar but 
distinct smell, and as n-amyl acetate also induced a strong 
conditioned aversion (unpublished data) at a concentration 
equivalent to the highest used for isoamy! acetate, the two 
isomers appear to be equally effective as stimuli for odor 
aversions. 

All tests were carried out in an air-conditioned room 
maintained at 20°C. Odors were exhausted to the outside by 
directing a flow of air from the air-conditioner over the tops 
of the rat cages towards an exhaust duct. Water bottles of 
500 ml capacity with a stainless steel spout were weighed 
before and after each 10 minute drinking session. The 
amount of water consumed by each rat on day 6 (treatment) 
and day 9 (test) was expressed as a percentage of the average 
amount drunk on days 2 to 5 (base level). This was done to 
normalize the data with respect to the base level as some rats 
were found to consume 3 times more water than others. The 
difference between the percentages of water drunk on day 9 
and on day 6 served as a measure of aversion, the larger the 
difference the greater the aversion. 


RESULTS 


Rats consumed an average of 11.1 ml of water during the 
10 minutes access to water on days 2-5 (base level) of the 
familiarization period. The amount consumed varied more 
from rat to rat than from day to day, some rats consuming as 
little as 8 ml, others as much as 24 ml per session. The 
average consumption over all rats on the conditioning day 
(day 6) was 11.9 ml and on the second recovery day (day 8) 
10.7 ml. 

Figure 2 shows the average amount of water consumed by 


each group of rats on days 6 and 9 expressed as a percentage 
of base level (days 2-5). At the highest concentrations 
tested, strong conditioned aversions were obtained to the 
odors of triethylamine, 1,4-cineole and isoamy] acetate, and 
weak conditioned aversions to the odors of cyclohexanone, 
n-butyric acid, and benzylamine; no significant conditioned 
aversion was obtained to n-butanol at any of the concentra- 
tions tested (Table 1). 

An analysis of variance of the differences between the 
average amount of water consumed on days 2-5 and that 
consumed on day 6 showed that there were significant ‘‘con- 
centration within odor’’ effects, F(27,214)=3.6, p<0.001. 
Using the error mean square from this analysis as a pooled 
error estimate, t-tests indicated that the rats often drank sig- 
nificantly more water on day 6 than on days 2-5. The only 
two groups of rats to show a significant decrease in water 
consumption on day 6 from that on days 2-5, 1 3.14 and 
—3.01, p<0.001, were those tested with the highest concen- 
tration of triethylamine and with the third highest concentra- 
tion of isoamy! acetate. 

The analysis of variance for differences between the 
amounts of water consumed on days 6 and 9 showed that 
‘concentration within odor’’ effects were significant. Using 
the error mean square from an analysis of variance as the 
pooled variance estimate, these t-tests showed that the dif- 
ferences were significant (p<0.05) for the highest 3 concen- 
trations of triethylamine and 1,4-cineole, the highest 6 con- 
centrations of isoamyl acetate, the highest 2 concentrations 
of n-butyric acid and benzylamine, and the lowest and two 
highest concentrations of cyclohexanone. The degree of 
aversion obtained to odors, as shown by the difference be- 
tween the day 6 and day 9 data (Table | and Fig. 2), is 
therefore dependent on the interaction of odour quality and 
intensity. The effect of odor intensity is apparent from the 
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FIG. 2. Water consumption of rats exposed to various concentra- 
tions of odorous chemical on treatment and test days. Water con- 
sumption is expressed as a percentage of base level consumption 
and chemical concentration as the log of the ratio of vapour concen- 
tration to saturated vapour concentration. Cross: treatment days 
(days 6); filled circle: test days (days 9). The larger the difference 
between paired points the greater the odor aversion learned on the 
treatment days. Data with significant correlation coefficients 
(p<0.05) are joined by solid lines, a horizontal dashed line is also 
drawn at the 100% base level on each graph. Maximum standard 
errors were 7.4% for treatment days and 10.8% for test days. 


observation that some rats did not drink any water when 
presented with the highest concentrations of triethylamine, 
1,4-cineole and isoamy] acetate on day 9. 

Correlation coefficients were calculated for both day 6 
and 9 data, and fitted regression lines (p<0.05) are shown in 
Fig. 2 (solid lines). The data for all concentrations which 
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induced an aversion and the highest concentration for which 
no aversion was obtained were included in the calculation of 
the day 6 and day 9 coefficients. In the case of triethylamine 
(Fig. 2) the 2 lowest concentrations were not included as no 
significant aversions were obtained to these and the next 
highest concentration. 

The control group injected with physiological saline in- 
stead of LiCl] showed no aversion to the highest concentra- 
tion of isoamy] acetate, since the amount of water consumed 
was 98% of the day 6 and base level consumptions. 

A non-contingent control group was run separately using 
the same equipment, procedure, and Sprague Dawley rats 
from the same breeding colony as used throughout this ex- 
periment (Bond and Panhuber; unpublished data). The re- 
sults from 3 groups of rats (n=8), using a 10°-* SVP concen- 
tration of isoamy! acetate as the conditioning and test stim- 
uli, were: immediate injection with LiCl, 0.9+0.7 ml of water 
consumed on day 9; immediate injection with Saline, 
9.0+1.4 ml; 24 hour delayed injection with LiCl, 14.0+2.5 
ml. These results show that a decrease in water consumption 
on the test day is not due to a sensitization to either the LiCl 
or isoamy]! acetate. It is a result of an aversion to isoamyl 
acetate, learned by the rat associating the presence of an 
odorant with a subsequent (within 10 minutes) LiCl induced 
illness. 


DISCUSSION 


The method employed in this study to test for conditioned 
odor aversions provides a practical and controlled means of 
studying odor aversion learning. As aversions could not be 
obtained to all odors, and when obtained, they occurred only 
at concentrations well above the rat’s threshold, this method 
does not appear to be suitable for the determination of odor 
thresholds for the rat. An increase in water consumption on 
day 6 for the lowest concentration of most odors together 
with the author’s ability to recognise all odors at every con- 
centration indicates that the concentrations tested were 
higher than rat thresholds [14]. 

Rats subjected on day 6 to most concentrations of tri- 
ethylamine, benzylamine and n-butyric acid maintained their 
level of drinking at or above base level, even though these 
odors were found to be very unpleasant and intense by the 
author. No relationship has been established between 
learned odor aversions and hedonic intensity responses, but 
these findings suggests that the subjective values placed on 
odor quality and intensity by humans should not be assumed 
to apply to the rat, as has been done by some previous work- 
ers [9,17]. 

The present results show that the interaction of odor 
quality and intensity determines whether rats will form 
strong conditioned aversions to odors. These findings are in 
agreement with what is known about the effect of stimulus 
quality and intensity on conditioned taste aversions [9,10]. 
They also partly explain why previous investigators [8, 12, 
16, 22], often using different concentrations and different 
odors, have disagreed on the efficacy of odors as condition- 
ing stimuli for aversion learning in the rat. The use of an air 
dilution olfactometer in the present study enabled the con- 
centration of odor to be controlled and calculated whereas in 
previous studies [8, 12, 16, 22] the concentrations of odors 
used were not reported, and in some cases could have varied 
both during and between the conditioning and test periods 
[12]. 

Furthermore, in this study an attempt was made to im- 
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prove on Taukulis’ method of odor presentation [22] which, 
though the most careful to date, has been criticized [18] be- 
cause the odorant could have stimulated the taste rather than 
the olfactory receptors. In the present study, odors were 
directed toward the rat’s nose when drinking, while the 
amount of odor in the cage was minimized by directing a 
strong flow of air over the rat cages. Although this procedure 
does not prevent the odorant entering the mouth, compari- 
sons of control and treated groups have provided strong evi- 
dence that the animals learned an odor aversion and not a 
taste aversion (Bond and Panhuber, manuscript in prepara- 
tion). Moreover, the strong aversions reported in this and 
earlier work [22] with relatively water-insoluble compounds 
suggest that the observed effects were mediated by odor 
rather than taste. This view is also supported by the findings 
[1] that some fluids used as “‘taste’’ cues in aversion learning 
have olfactory components, or in some cases are purely ol- 
factive. 

However, the question of which receptors are sensing the 
odor is not limited to just the taste and olfactory receptors: 
the trigeminal and vomeronasal systems have been shown to 
be selectively sensitive to various odors [23], the latter also 
being proposed as a receptor for non-volatiles from the 
mouth [4]. In the rat, as in most vertebrates, the three recep- 
tor systems sensitive to odors (olfactory, trigeminal, and 
vomeronasal) have separate neural pathways connecting 
them to different centres of the brain [2, 3, 5, 11, 13, 19], as 
well as different electrophysiological response characteris- 
tics for various odors [6, 23, 24]. Cain and Bindra [6], for 
example, recorded the responses of neurones in the hippo- 
campus and three of the amygdaloid nuclei of the rat to four 
odors—amy] acetate, cineole, benzylamine and butyric acid. 
Although the number of units recorded was not large it was 
found that all four odors stimulated some units of the central 
and basal nuclei of the amygdala but only cineole and amy! 
acetate produced responses in the medial nucleus. In the 
present study strong aversions were obtained to isoamy] ace- 
tate and cineole but not to butyric acid or benzylamine. As 
the accessory bulb (the first relay unit for the vomeronasal or- 
gan) has been shown to be directly connected to the medial 
but not to the basal or central nuclei of the amygdala [3, 20, 
21], the vomeronasal organ may play a role in conditioned 
odor aversion learning in the rat. 

Gaston [10], in a recent review of the brain mechanisms 
involved in taste aversion learning, concluded that the 
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amygdala and the hypothalamus are also important for ac- 
quisition and retention of conditioned taste aversions. How- 
ever, no specific function could be attributed to these or to 
any other brain centres and according to Gaston this was 
mainly due to the lack of control of experimental parameters. 
The odor aversions reported in this and other studies 
strengthen the need to consider the possible interaction of 
the four chemoreception systems when the aversion is being 
produced by a solution containing a component or compo- 
nents with both taste and odor. 

Furthermore, from electrophysiological recordings made 
by Van Buskirk and Erickson [24], involvement of the tri- 
geminal system in conditioned odor aversion learning may 
also be suggested. Twenty-two of thirty-five units responsive 
to taste stimuli in the nucleus of the solitary tract were found 
to be responsive to nasal stimulation by the odors of acetone, 
amyl acetate and methyl alcohol. When the ethmoid branch 
of the trigeminal nerve from the nose was cut, only some of 
these units stopped responding to odors, suggesting that an- 
other odor responsive system may also stimulate this nu- 
cleus: whether this is the main olfactory or vomeronasal sys- 
tem is not known. Moreover, the nucleus of the solitary tract 
also receives input from the gastric area via the vagus nerve 
and is thought to be involved in the chemoreception of toxins 
in the blood stream [7,19]. It may, therefore, function as a 
coordination centre for the various activities controlling in- 
gestion and thus may also play an important role in the ac- 
quisition of odor or taste aversion in the rat. 

In conclusion, it has been shown that conditioned odor 
aversions can be obtained in the rat and that the strength of 
the aversion is dependent on the interaction of odor quality 
and intensity. Furthermore, the results of the present study 
when considered together with the anatomical and electro- 
physiological data show the complexity of interactions pos- 
sible in the senses of taste and smell. This suggests that a 
better understanding of, and control over, stimulus proper- 
ties is needed before the mechanisms of conditioned odor or 
taste aversion learning can be fully understood. 
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YAMANOUCHI, K. AND Y. ARAI. Dissociation between the display of lordosis and soliciting behaviors in female rats 
with lesions of the dorsomedial pontine tegmentum. PHYSIOL. BEHAV. 28(1) 155-159, 1982.—Lesions of the dorsomedial 
tegmentum (DMTL) between the midbrain pontine junction and the middle level of the pons effectively eliminate the induction 
by estrogen-progesterone of lordosis behavior in ovariectomized rats. However, soliciting behaviors such as ear wiggling and 
hopping were not inhibited by this type of lesion. The common damaged area in DMTL rats which failed to show lordosis 
was the medial periventricular gray. The lesions placed in the caudal pontine central gray were not effective in suppressing 
lordosis response. Lesions of the ventromedial tegmentum (VMTL) were also ineffective in suppressing lordosis. Most of 
the animals with the VMTL showed soliciting behaviors. In these rats, the incidence of lordosis and lordosis quotient (LQ) 
were comparable to those of sham operated rats. When bilateral lesions were placed in the lateral tegmentum region, the 
mean LQ and incidence of soliciting behavior were not significantly different from those of sham operated contro!s. These 
results suggest a clear dissociation of the regulatory mechanisms between the display of lordosis and soliciting behaviors at 
the pontine level. 


Pontine periventricular gray Lordosis behavior Soliciting behaviors Estrogen Progesterone 


neural circuit for lordosis behavior, constituting a functional 
link between ascending and descending systems that govern 
the lordosis reflex. The present study also attempted to 
elucidate the neural mechanisms involved in the regulation 
of lordosis and soliciting behaviors in the lower brain stem. 
Effects of pontine periventricular gray and tegmental lesions 
on these female sexual behaviors were examined. 


THE display of lordosis and soliciting behaviors is depend- 
ent on ovarian hormone [18]. Estrogen and progesterone 
have been thought to modulate outputs of forebrain and hy- 
pothalamic structures which inhibit or facilitate sexual be- 
haviors [1,23]. There is a considerable body of evidence in- 
dicating that the medial basal hypothalamus (MBH) plays a 
facilitatory role in inducing lordosis and soliciting behaviors. 
Lesions [8,10] or surgical isolation of the MBH [9, 23, 26] 
interfered with hormonal induction of lordosis and soliciting 
behaviors, whereas electrical stimulation [21] or estrogen 
implantation [2] to the ventromedial nucleus facilitated the 


METHOD 


Female Wistar rats (200-250 g) maintained under a con- 


display of lordosis. On the other hand, it has been reported 
that neural transection of the dorsal extrahypothalamic de- 
scending afferents potentiates the display of lordosis and so- 
liciting behaviors [24,25]. This dorsal extrahypothalamic in- 
hibitory influence and the hypothalamic facilitatory influ- 
ence seem to be exerted through descending projections to 
the lower brain stem which is involved in the supraspinal 
control of the lordosis reflex and soliciting behaviors [18,23]. 

Recently, Sakuma and Pfaff [21,22] have demonstrated 
that the midbrain central gray participates in the supraspinal 


trolled photoperiod (14-10 hr, light/dark) and temperature 
(24+ 1.4°C) were subjected to medial or bilateral pontine le- 
sions by means of a radiofrequency lesion generator 
(Radionics Inc., Burlington, MA) under ether anesthesia. 
The sham operation was identical except that no current was 
passed through the electrode. All these rats were ovariec- 
tomized on the day of brain surgery. Three to 4 weeks after 
the operation, the first behavioral test was started. All 
animals were injected with 2 wg estradiol benzoate (EB, dis- 
solved in 0.1 ml sesame oil) daily for 3 days and 0.5 mg 
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TABLE | 


EFFECTS OF PONTINE TEGMENTAL LESIONS ON INDUCTION OF LORDOSIS, EAR WIGGLING AND HOPPING 
IN ESTRADIOL BENZOATE (EB)-PROGESTERONE (P) PRIMED OVARIECTOMIZED RATS 





Group 2 wg EB+0.5 mg P* 


Ear Ear 


Lordosis wiggling Hopping _Lordosis 


10 ug EB+0.5 mg P* 


wiggling 


Body weight 


20 ug EB+0.5 mg P* at autopsy 


Ear 


Hopping  Lordosis wiggling Hopping (g) 





SOP 10/11 8/11 5/11 
DMTL 2/154 10/15 2/15 
CDMTL 3/4 3/4 0/4 
VMTL 12/13 8/13 7/13 
hg 7/10 4/10 1/10 


7/10 9/9 9/9 6/9 
2/15 3/11 9/11 6/11 
2/4 4/4 3/4 3/4 
5/13 12/12 12/12 10/12 
1/10 8/10 6/10 4/10 





*All animals were injected with EB daily for 3 days and P on the fourth day 5-7 hrs prior to behavioral tests. 
*DMTL vs SOP, p<0.01 (x? test with Yates’ correction). For abbreviations for the experimental groups, see text or legend for Fig. 1. 


progesterone (P, in 0.1 ml oil) S—7 hrs before the test in the 
evening of the fourth day. The second and third tests were 
carried out at two week intervals with increasing dose of EB 
(10 and 20 wg). Lordosis responses were observed until 10 
mounts were achieved by two vigorous males and lordosis 
quotient (LQ, ratio of number of lordosis responses for 10 
mounts x 100) was recorded in each experimental female. In 
addition, the incidence of soliciting behaviors such as ear 
wiggling and hopping was also recorded. After the end of 
behavioral testing, the precise localization of the lesions was 
determined histologically in each brain. 

Lordosis behavior tests were analyzed by the analysis of 


variance (F-test) and then by Student’s f-test or Chochran- 
Cox method. For comparison of incidences of lordosis or 
soliciting behaviors among the group, x” test with Yates’ 
correction was used. 


RESULTS 
Lordosis Behavior 


The results of the incidence of lordosis and the mean LQ 
are shown in Table | and Fig. 1. Daily injections of 2 ug EB 
for 3 successive days and 0.5 mg P on the day of the behav- 
ioral test induced lordosis in 10 out of 11 sham operated 
(SOP) rats and the mean LQ of the group was 62.7+10.4. At 
the second (10 wg EB+P) and the third (20 ng EB+P) tests, 
all SOP rats showed high scores of LQ (81.0+8.4 and 
82.9+9.2, respectively). In contrast, 13 out of 15 females 
receiving dorsomedial tegmental lesions (DMTL) failed to 
show lordosis both at the first and second tests. Only 2 rats 
responded with lordosis, but the mean LQ of these two was 
22.5 and 20.0 at the first and second tests, respectively. 
There was no appreciable difference in locomotor activity 
between these 15 DMTL rats and the SOP rats. Eleven of 15 
DMTL rats were subjected to the third test. In spite of in- 
creasing the dose of EB from 10 to 20 ug, however, only 3 
rats showed lordosis (LQ=25.0+ 13.2). The lesions in the 
animals of this group were intended to destroy the dorsome- 
dial tegmental area between the midbrain pontine junction 
and the middle level of the pons, and were found to include 
the medial periventricular gray, dorsal tegmental nucleus, 
dorsal raphe nucleus, dorsal longitudinal fascicles and the 
medial longitudinal fascicles (Fig. 2). In some DMTL rats, 


the lesions were found to invade a part of the locus 
coeruleus. Other than these 15 rats, 4 rats had the lesions 
restricted to the pontine periventricular gray and dorsome- 
dial tegmentum at the level of the genu of the facial nerve or 
more caudal level. All these 4 rats with caudal dorsomedial 
tegmental lesions (CDMTL) showed lordosis. The mean LQ 
of CDMTL rats was 47.5+ 16.0, 32.5+17.0 and 96.7+2.5 in 3 
successive tests, respectively. The lesions made in the ven- 
tromedial tegmental region of the pons (VMTL, Fig. 2) in- 
cluded the pontine raphe nucleus, superior central nucleus 
and medial pontine reticular formation. Occasionally, lesions 
were found to extend to the medial longitudinal fascicles and 
adjacent region. The results from the rats receiving the 
VMTL were just comparable to those of SOP group. Eleven 
of the 13 rats exhibited high LQ scores. The mean LQs of 
this group were 62.4+11.3, 70.0+10.1 and 88.3+8.0 in a 
series of 3 successive tests, respectively. In the two rats 
which showed low scores of LQ (0-10), the lesions were 
found to partially invade the medial periventricular gray. In 
the animals with lateral tegmental lesions (LTL, Fig. 2), the 
mortality was unexpectedly high (66.7%), compared to that 
of animals with medial tegmental lesions (DMTL, CDMTL 
and VMTL, 3.2%). However, the postoperative condition of 
the surviving LTL animals looked healthy. At their behav- 
ioral testing the incidence of lordosis and the mean LQ were 
not statistically different from those of SOP rats. Lesions in 
this group were located bilaterally in the lateral part of the 
pontine tegmentum, including the ventral lateral lemniscal 
nucleus, subcoerular nucleus and lateral pontine reticular 
formation. Of 10 LTL rats, however, 3 rats showed consis- 
tently low scores of LQ, which were 3.3+3.3, 10.0+ 10.0 and 
16.7+16.7 during 3 successive tests, respectively. 


Soliciting Behaviors 


The incidence of ear wiggling and hopping are sum- 
marized in Table 1. Most of SOP and VMTL rats showed ear 
wiggling and hopping behaviors throughout a series of 3 
tests. Interestingly enough, the incidence of ear wiggling was 
also high in the animals of the DMTL group, in which lor- 
dosis response was markedly inhibited (see Table | and Fig. 
1). Of 13 DMTL rats which showed no lordosis at the first 
and second tests, 8 and 9 rats displayed ear wiggling, respec- 
tively. At the third test, 9 out of 11 DMTL rats showed ear 
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FIG. 1. The mean LQ and incidence of lordosis of each group in a series of three tests. In the first test, all animals received 2 ug estradiol 
benzoate (EB) daily for 3 days and 0.5 mg progesterone (P) on the fourth day. The dose of EB was increased to 10 and 20 yg in the second and 
third test, respectively. Abbreviations for the groups: SOP; sham operated controls, DMTL; animals with dorsomedial tegmental lesion, 
CDMTL:;: animals with caudal dorsomedial tegmental lesion, VMTL; animals with ventromedial tegmental lesion, LTL; animals with bilateral 


Treatment 


lateral tegmental lesions. ~DMTL vs SOP, p<0.001 (Student's t-test or Cochran-Cox method). 


wiggling behavior. Actually, 6 out of these 9 rats responding 
with ear wiggling did not show lordosis. In contrast, ear 


wiggling behavior was rather infrequent in the animals of 


LTL group. Four LTL rats which did not show ear wiggling 
at the third test had a low score of LQ. Two of them failed to 
show lordosis. A similar trend was seen with hopping behav- 
ior, although the incidence of hopping behavior in each 
group was consistently lower than that of ear wiggling (see 
Table 1). 


DISCUSSION 


In the present study, the dorsomedial tegmental lesions of 


the pons were effective in inhibiting the display of lordosis 
but not soliciting behaviors in EB-P primed ovariectomized 
rats. These results indicate a clear dissociation of the regula- 
tory mechanisms between the display of lordosis and solicit- 
ing behaviors at the pontine level. At the forebrain levels, 
however, the regulatory mechanisms involved in soliciting 
behaviors seems to be closely associated with that of lor- 
dosis, because the neural transection of the dorsal afferents 
to or through the POA and hypothalamus potentiated not 
only lordosis response but also soliciting behaviors [24,25], 
whereas the interruption of the anterolateral outputs from 
the MBH suppressed both lordosis and soliciting behaviors 
[1, 23, 26]. In the animals with bilateral tegmental lesions 
(LTL group), the display of ear wiggling and hopping was 
rather infrequent. In two of them, not only soliciting behav- 
ior but also lordosis were inhibited. This may be correlated 


with the recent finding of Carrer [3] that bilateral lesions in 
the ventrolateral midbrain suppress lordosis and soliciting 
behaviors. Muntz et al. [16] reported that the bilateral le- 
sions in the deep tectum abolished lordosis in response to 
males or manual stimuli in golden hamsters, because of loss 
of somatosensory input needed for lordosis. The area in- 
vaded by the lesions in our two LTL rats mentioned above 
may include the ventrolateral spinothalamic system or the 
anterolateral fascicles of Mehler [11], which may convey 
sensory impulses for elicitation of lordosis reflex and/or so- 
liciting behaviors [6,18]. To verify this functionally, further 
analysis is necessary to examine any change in responsive- 
ness to somatosensory stimuli in these animals as suggested 
by Muntz er al. [16]. 

The ventromedial nucleus is now believed to be the 
possible source of estrogen-dependent lordosis facilitating 
descending signals, based on the results that lesions of this 
nucleus lead to lordosis loss [8, 10, 20] and electrical or 
estrogenic stimulation to the nucleus facilitates lordosis be- 
havior [2,19]. However, postoperative recovery of the lor- 
dosis response has been reported to occur in the rats with the 
ventromedial hypothalamic lesions [7,17]. Such recovery of 
the lordosis response was not observed in our DMTL rats 
during a series of 3 successive behavioral tests. The common 
damaged area in these DMTL rats which failed to show lor- 
dosis was the medial periventricular gray between the 
midbrain pontine junction and the middle level of the pons. 
Herndon [5] reported that midline lesions which damaged 
the dorsal and median raphe nuclei at a level slightly rostral 
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Loe 


FIG. 2. A diagramatic representation of the lesions at three levels of the pons among three experimental groups (DMTL:; dorsomedial 
tegmental lesion, VMTL; ventromedial tegmental lesion, LTL; bilateral lateral tegmental lesions). The hatched areas indicate the outline of 
the lesions which was reconstructed from all the animals of each group. The black areas in the DMTL group show the common area of the 
lesions which effectively abolished lordosis responses. The dotted area indicates the common area of the lesions in the two LTL rats which 
showed no lordosis and soliciting behavior in 3 successive tests. Abbreviations: V; motor nucleus of the trigeminal nerve, DTN: dorsal 


tegmental nucleus, IC; inferior colliculus, LC; locus coeruleus. 


to the lesions presented here also reduced LQs but to a much 
lesser degree than that seen in the dorsomedial group here. 
These areas contain serotonergic neuronal grours [4]. How- 
ever, these neuronal groups may not play a principal role in 
facilitating lordosis, because serotonergic pathways are gen- 
erally believed to participate in the lordosis inhibitory mech- 
anism [12,27]. The display of lordosis was not suppressed in 
CDMTL rats. This may suggest that the caudal pontine cen- 
tral gray is not responsible for lordosis facilitation. Recently, 
it has been reported that the lesions of the midbrain central 
gray [22] or lateral vestibular nucleus or medullary reticulo- 
spinal neurons [13,15] result in loss of lordosis while elec- 
trical stimulation of the former 2 structures induces im- 
mediate facilitation of lordosis in the rat [14,21]. These 


neural substrates are considered to be involved in the brain 
stem lordosis facilitatory mechanism, presumably forming a 
part of the reflex arc of lordosis. Therefore, it is highly prob- 
able that the pontine central gray also participates in the 
supraspinal mechanism for the regulation of lordosis, which 
may respond to estrogen dependent tonic descending influ- 
ences from the hypothalamus and/or limbic system as well as 
ascending sensory stimuli from the perigenital skin. In this 
connection, it is of interest to note that descending projec- 
tions from the preoptic area and hypothalamus terminate in 
the central gray of the midbrain and pons [18]. Further 
neuroanatomical and functional analyses are required to 
elucidate these problems. 
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SZYMUSIAK, R. AND E. SATINOFF. Acute thermoregulatory effects of unilateral electrolytic lesions of the medial and 
lateral preoptic area in rats. PHYSIOL. BEHAV. 28(1) 161-170, 1982.—Unilateral anodal lesions of the medial or lateral 
preoptic area (POA) in unanesthetized rats had opposite thermoregulatory effects immediately after the lesions were made 
Lesions of the medial POA evoked hyperthermias and accompanying cold defense responses, including vasoconstriction of 
the tail, increased oxygen consumption, shivering, and heat conservation postures. The hyperthermias had latencies of 
0-30 minutes and reached maximum values within 120 minutes postlesion. They were independent of ambient temperature 
and dissociable from the hyperactivity often seen after such lesions. Damage to the lateroventral POA elicited acute falls in 
body temperature, as well as vasodilation of the tail, decreased oxygen consumption, inhibition of shivering in cool 
environments, and prone body extension. Unilateral cathodal lesions throughout the POA yielded only hyperthermia 
These results suggest a possible anatomical segregation of heat and cold defense functions within the anterior basal 


forebrain. 


Preoptic area Thermoregulation 


THE preoptic area of the hypothalamus (POA) is generally 
regarded as an important site of thermodetection and inte- 
gration of thermoregulatory responses [22]. Bilateral abla- 
tion of this area impairs heat and cold defense abilities for 
months in a variety of species, including cats [14,28], ground 
squirrels [21], goats [3], and rats [7, 13, 25, 27, 29]. However, 
rats with POA damage defend their body temperatures very 
well in thermally extreme environments by operantly re- 
sponding for radiant heat or cool air [6, 12, 24]. 

POA damage also has acute thermoregulatory effects, 
characterized by short-latency, short-lasting increases in 
body temperature. Mechanically- or electrolytically-induced 
POA trauma elicits hyperthermias in rabbits [4], cats [17], 
rats [1, 8, 15, 20], goats [3] and humans [2]. In rats, hyper- 
thermia is accompanied by increased heat production and 
vasoconstriction [1,15], and extreme hyperactivity [8, 15, 16, 
30}. The hyperactivity may be an important component of 
the rise in body temperature seen after such lesions. 

In an effort to minimize such activity increases, and to 
determine if the hyperthermias were actively regulated, we 
made small, unilateral anodal lesions throughout the POA. 
We found that such lesions did cause hyperthermia when 
confined to the medial portion of the POA, but also that 
lesions in the ventrolateral POA caused falls in body tem- 
perature. Since, to our knowledge, there are no reports of 
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acute hypothermias after POA damage, we explored this 
phenomenon further in the present experiments. 


METHOD 
Subjects 


Subjects were 42 male rats of the Long-Evans strain (Blue 
Spruce Farms, Altamont, NY) weighing between 280-380 
grams at the time of surgery. They were housed individually 
on a 14:10 light/dark cycle. Ambient temperature (Ta) was 
maintained at 23+2°C. Food and water were available ad lib 
except during experimental sessions. Subjects were addi- 
tionally deprived of food for 8-12 hours prior to measuring 
oxygen consumption to ensure postabsorptive rates of oxy- 
gen utilization. 


Surgery 

Under Equithesin anesthesia, rats were implanted with a 
lesion electrode (a stainless steel 0-0 insect pin, insulated 
except at the cut tip) aimed at the POA according to the 
coordinates of K6nig and Klippel [11] (A 0.5—0.7; L 0.5-1.5; 
V 7.5-8.0). A small thermistor (32A7 Victory Engineering 
Corp., Springfield, NJ) was glued to the side of the electrode 
to measure brain temperature (Tbr). Another thermistor 
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(L1547, Gulton Industries, Metuchen, NJ) was led sub- 
cutaneously from the top of the skull and placed under the 
skin of the tail, 4-5 cm from its base. This subcutaneous tail 
temperature (Tt) was our index of peripheral vasomotor tone 
[10]. Electromyographic (EMG) electrodes were two lengths 
of teflon coated, multistrand, stainless steel wire. The wires 
were bared and looped through the acromiotrapezius mus- 
cle, with the two loops separated by 1-2 cm. A small stain- 
less steel screw, fixed to the skull over the cerebellum, served 
as the animal ground. All leads were soldered to a nine pin 
connector, and the assembly was anchored to the skull with 
dental acrylic. Testing began at least one week postopera- 
tively. 


Apparatus 


Experiments were conducted in an airtight Plexiglas 
chamber (volume 6 liters), housed in a temperature con- 
trolled box. Oxygen consumption was measured with an 
open system. Ambient air was pumped through the chamber 
at a flow rate of | liter/minute. The percent oxygen content 
of the air was sensed by an oxygen analyzer (Beckman 
OM-1I1 or Applied Electrochemistry S-3A). Inside the 
chamber, the rat’s connector was attached to an electric slip 
ring via a flexible cable. The leads were then connected to a 
Grass Model 7 polygraph for continuous recording. The 
analog voltage signals of the oxygen analyzer and thermistor 
outputs were continuously recorded on magnetic tape for 
subsequent computer analysis. 


Proce dure 


A rat was placed in the Plexiglas chamber and its connec- 
tor was attached to the slip ring assembly. After approx- 
imately 30 minutes (for adaptation), baseline measurements 
were collected for 1-2 hours. Then the leads from the lesion 
and ground electrodes were connected to a lesion maker 
located outside the temperature-controlled box, and current 
was passed (anodal 1.0-2.0 mA for 10 seconds; cathodal 
1.0-2.0 mA for 5—40 seconds) without otherwise handling or 
disturbing the animal. Data were collected for an additional 
3-8 hours. Ta was held constant throughout the session at 
15+1,25+1 or 32+1°C. If an initial lesion produced no effect 
on Tbr, the lesion parameters were increased, and a second 
lesion was made I-2 hours after the first. This continued 
until either an effect was obtained or maximum lesion pa- 
rameters, as outlined above, were reached. Each animal was 
used in only one session, except in one instance where an 
anodal lesion was made through the same electrode where a 
cathodal lesion had been made one week earlier. 


Histology 


One week after the lesions were made, subjects were 
overdosed with Nembutal and perfused through the heart 
with 0.9% saline followed by 10% formol-saline. The brains 
were embedded in egg yolk before they were sectioned. Fro- 
zen sections 50 yu thick were cut, and every section through 
the lesion was saved and stained with cresyl violet acetate. 
Electrolytic damage is maximal at 24 hours postlesion. To 
assess the relative size of anodal and cathodal lesions at this 
time, 4 rats were lesioned through acute electrodes under 
ether anesthesia and sacrificed 24 hours later. Their brains 
were also prepared for histological examination. 
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FIG. 1. Hyperthermic response to a unilateral anodal lesion (2.0 mA 
for 10 sec) at 25°C. Ta: ambient temperature, Tbr: brain tempera- 
ture, Tt: subcutaneous tail temperature, O, consumption: oxygen 
consumption. 


RESULTS 
Anodal Lesions 


Twenty-two anodal lesions were made, 10 at 25°C, 8 at 
15°C, and 4 at 32°C. Eleven lesions in the medial POA re- 
sulted in hyperthermia. Of 9 lesions in the ventrolateral 
POA, 8 resulted in hypothermia, and one had no effect. Two 
other lesions produced no change in Tbr. 

Hyperthermia-producing anodal lesions. The maximum 
increase in Tbr [(ATbr max=(maximum postlesion value of 
Tbr)—(mean of prelesion Tbr values)] seen after these 11 
lesions ranged from 1.6-2.9°C. At 25°C. ATbr 
max=2.1+0.2(s.e.)°C (n=5). At 15°C, ATbr max 
=2.2+0.2°C (n=4) and at 32°C, ATbr max=2.4+0.5°C 
(n=2). Thus the magnitude of the hyperthermias was inde- 
pendent of Ta, implying that the rise in Tbr was actively 
generated. This was further supported by inspection of the 
individual thermoregulatory responses. 

Figure | is the record of an animal tested at 25°C. Oxygen 
consumption began to rise within 3 minutes following the 
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a. prelesion 


b. 3 min. postlesion 


FIG. 2. Samples of prelesion (a) and postlesion (b) electromyogram (EMG), taken from same session as shown in F ig. | 


lesion. The animal’s tail was vasoconstricted prior to the 
lesion (Tt only 1.5°C above Ta), and it remained so as oxygen 
consumption increased. Thus, the additional heat production 
was conserved and Tbr rose. All hyperthermias were ac- 
companied by increases in oxygen consumption, and either 
no change (6 rats) or a fall (5 rats) in Tt. 

The increase in oxygen consumption shown in Fig. | was 
at least partly due to an activation of shivering ther- 
mogenesis. At 3 minutes postlesion, repetitive bursts of 
shivering appeared in the EMG record (Fig. 2b). Shivering 
was never observed during prelesion periods at 25°C in this 
(Fig. 2a), or any other animal. While shivering, the animal 
remained immobile with its back arched and limbs adducted, 
a posture that decreases exposed body surface area and 
facilitates heat conservation and is characteristic of cold 
stressed rats. One other rat behaved similarly. In nine other 
rats, oxygen consumption was elevated, in part, due to in- 
creases in general activity. This is illustrated by the re- 
sponses of animal CE18, lesioned at 15°C (Figs. 3 and 4). 
Oxygen consumption began to increase at 10 minutes 
postlesion. Tbr began to rise after 20 minutes, and reached a 
maximum of 2.2°C above baseline by 100 minutes postlesion 
(Fig. 3). In this animal, vasoconstriction of the tail occurred 
immediately after the lesion, and Tt remained low for the 
remainder of the session. Behavioral observations and in- 
spection of the EMG record (Fig. 4) revealed that the initial 
increase in oxygen consumption was the result of an increase 
in general activity. During the prelesion period, the EMG 
displayed continuous high levels of muscle tone and no shiv- 
ering (Fig. 4a). At 30 minutes postlesion, the animal was 
markedly hyperactive, indicated by brief, irregular changes 
in the amplitude of the EMG (Fig. 4b). During this period, the 
animal continuously circled about the chamber, reared, or 
groomed. The increase in muscular work resulted in a 
maximum increase in oxygen consumption of 480 cc/kg/hr 
above baseline levels. Since vasoconstriction persisted 
throughout this period, much of this excess heat production 
was conserved and Tbr began to rise. 

Four rats were hyperactive as long as they were hyper- 
thermic. However, these effects were dissociated in the 
other 7 animals. Two animals (one of whom is illustrated in 
Figs. 1 and 2) became hyperthermic without any increased 
activity. One animal shivered during the first 20 minutes of 
hyperthermia, and was subsequently hyperactive for 58 
minutes, after which Tbr began to fall. In 4 rats, hyperther- 
mia outlasted increased activity. These animals were 
hyperactive for an average of 46+ 18 minutes (range: 23-100 
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FIG. 3. Hyperthermic response to a unilateral anodal lesion (1.0 mA 
for 10 sec) at 15°C. Abbreviation as in Fig. | 


minutes) during the rising and plateau phases of the hyper 
thermia. This was followed by a mean of 88+22 minutes 
(range: 40-180 minutes) of elevated Tbr and mixed shivering, 
immobility, and infrequent locomotion or grooming. CE 18 
was one of this latter group. At 65 minutes postlesion, when 
the hyperactivity had subsided, the animal remained im 
mobile in a huddled, heat conservation posture and shivered 
vigorously (Fig. 4c). This activation of shivering ther- 
mogenesis maintained oxygen consumption 380 cc/kg/hr 
above baseline, and Tbr remained 2.0°C above prelesion val- 
ues. At 175 minutes postlesion, when Tbr and oxygen con- 
sumption began to fall, shivering ceased and was replaced by 
the steady muscle tone characteristic of the prelesion period 
(Fig. 4d). 





a. 


b. 30 min. postlesion 


c. 65 min postlesion 


d. 175 min. postlesion 
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Ta=15 °C 


FIG. 4. Samples of prelesion (a) and postlesion (b, c, and d) EMG, taken from same session as shown in Fig. 3. 


Both animals lesioned at 32°C became hyperactive and 
neither shivered. The hyperactivity had a dual effect—it in- 
creased heat production and decreased heat loss, since the 
sprawled posture characteristic of the prelesion period at this 
Ta was abandoned. In one animal Tt fell as Tbr rose; in the 
other animal Tt did not change. 

Figure 5 summarizes the results of histological examina- 
tions of the lesion locations. The solid area represents the 
superposition of two anodal lesions which resulted in hyper- 
thermia. These two lesions were chosen to encompass the 
area of damage common to all anodal, hyperthermia- 
producing lesions. The lesion outline in Fig. 5 includes the 
entire area of damage—central cavity, chromatolysis, and 
necrotic zone. The damage is concentrated in the medial and 
ventral aspects of the POA, just dorsal to the optic chiasm 
and ventral to the anterior commissure. 

In summary, at Ta’s of 15, 25 and 32°C, unilateral anodal 
lesions of the medial POA led to increases in oxygen con- 
sumption, activation of vasomotor and postural heat conser- 
vation mechanisms, and resultant increases in body tempera- 
ture. The hyperactivity that was commonly seen was disso- 
ciable from the hyperthermia. 

Hypothermia-producing anodal lesions. Eight anodal le- 
sions produced falls in Tbr, ranging from —0.9 to —2.3°C. 
ATbr max=-—1.7+0.3°C at 15°C (n=3), and ATobr 
max=—1.6+0.2°C at 25°C (n=3). For the two lesions made 
at 32°C, ATbr max=—1.0+0.1°C. 

Figure 6 is the record of animal CE23, lesioned at 15°C. 
At 5 minutes postlesion, Tbr and oxygen consumption began 
to fall and Tt rose. Oxygen consumption decreased in 4 out 
of the 7 cases where it was measured; vasodilation accom- 


panied 5 out of 7 of these hypothermias. The EMG of CE23 
(Fig. 7) demonstrates that the fall in Tbr was due to an inhi- 
bition of muscle tone and shivering, as well as an activation 
of heat loss mechanisms. During the prelesion period the 
EMG was characterized by persistent, high muscle tone with 
infrequent bursts of shivering (Fig. 7a). At 10 minutes 
postlesion, when Tbr was rapidly falling, shivering ceased 
and muscle tone diminished (Fig. 7b). At this time the animal 
lay flat against the chamber floor, with its hind- and 
forelimbs extended, a posture that facilitates heat loss and is 
characteristic of heat-stressed rats [18]. While sprawling, the 
animal was not continually immobile, but would periodically 
crawl about the chamber while maintaining its ventral sur- 
face in contact with the floor. This pattern of locomotion is 
common in rats exposed to high Ta’s [18]. So, lesion- 
induced sprawling is not a temporary collapse, but is similar 
to the organized behavior seen in normal heat-stressed rats. 
At 40 minutes postlesion, the animal resumed a huddled 
posture and shivered vigorously (Fig. 7c). The increase in 
shivering, to levels above the prelesion period, concurrent 
with a rapid vasoconstriction that began at 50 minutes 
postlesion (Fig. 6), produced a quick recovery of Tbr toward 
baseline levels. 

Figure 8 is the record of a hypothermic response at 25°C. 
Tbr decreased and Tt increased with short latencies. Oxygen 
consumption was already quite low and remained close to 
prelesion values as Tbr fell. During this time the animal lay 
sprawled on the chamber floor, as did all rats that became 
hypothermic. At 52 minutes postlesion, oxygen consumption 
increased coincident with a decrease in Tt and recovery of 
Tbr toward prelesion values. The increase in oxygen con- 
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FIG. 5. Solid area is the superposition of two representative anodal lesions that produced hyperthermia. Striped area is the superposition of 
two hypothermia-producing anodal lesions. The numbers refer to planes of section from the atlas of K6nig and Klippel [11]. ca: anterior 
commissure, co: optic chiasm, fx: fornix, po: medial preoptic area. 


sumption was not due to shivering as in the previous exam- 
ple, but rather was the result of increased locomotion and 
grooming. 

Tt and oxygen consumption were monitored in only one 
rat lesioned at 32°C. The animal’s tail was already vasodi- 
lated prior to the lesion (Tt 1.7°C less than Tbr), and Tt did 
not change substantially as the hypothermia developed. 
However, oxygen consumption decreased, reaching a 
minimum value 250 cc/kg/hr below prelesion values at 55 
minutes postlesion, a time closely corresponding to the 
maximum fall in Tbr of 1.0°C. 

The superposition of two representative hypothermia- 
producing lesions is shown as the stippled area in Fig. 5. The 
lesions lay outside the medial POA, in the ventrolateral POA, 
and are concentrated at the base of the brain. There is only 
slight overlap with the sites of damage that produced in- 
creases in Tbr. 


In summary, at Ta’s of 15, 25 and 32°C, 8 of 9 anodal 
lesions of the ventrolateral POA led to hypothermias that 
were accompanied by decreases in oxygen consumption, or 
vasodilation, or both. These responses occurred together or 
separately, depending on the Ta and the animals’ prelesion 
thermoregulatory state. All animals exhibited postures con- 
ducive to heat loss regardless of Ta. 

No effect. In three animals anodal lesions produced no 
change in Tbr, or any other measured parameter. One brain 
was lost. One lesion was too ventral, mainly damaging the 
optic chiasm, with only minimal destruction of the most ven- 
tral portions of the medial POA. The third animal received 
lesions of 1.0 and 2.0 mA for 10 seconds. The initial, smaller 
lesion had no effect. The second produced a hyperthermia of 
only 0.6°C, which had dissipated by 30 minutes postlesion. 
The damage was laterally placed, and similar to that which 
yielded hypothermia in other animals. 
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FIG. 6. Hypothermic response to a unilateral anodal lesion (1.0 mA 
for 10 sec) at 15°C. Abbreviations as in Fig. 1. 


Cathodal Lesions 


Cathodal lesions, whether medially or laterally placed, 
activated heat production and heat conservation responses, 
and consequent increases in Tbr similar to those produced 
by medial anodal lesions. No cathodal lesion of any size, 
from the smallest (1 mA for 5 seconds) to the largest (2 mA for 
40 seconds), ever caused hypothermia. Of the 10 cathodal 
lesions, all made at 25°C, 8 resulted in hyperthermia. Four of 
these lesions were medially placed, and 4 were located in the 
lateral POA. Two laterally placed cathodal lesions had no 
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effect. ATbr max=2.8+0.2 for the eight hyperthermia- 
producing lesions (range 2.0-3.3°C). Figure 9 is a represen- 
tative record of a hyperthermic response. Tt decreased im- 
mediately following the lesion, and oxygen consumption and 
Tbr increased after a short latency. The initial increase in 
oxygen consumption was due to an activation of shivering 
thermogenesis (Fig. 10b) which persisted for 20 minutes. 
Shivering accompanied 4 out of 8 of the hyperthermic re- 
sponses to cathodal lesions. By 30 minutes postlesion, shiv- 
ering had ceased, and the animal became hyperactive (Fig. 
10c). This was sufficient to maintain oxygen consumption 
1000 cc/kg/hr above baseline, and, since the animal remained 
vasoconstricted, Tbr remained elevated (Fig. 9). Hyperac- 
tivity resulted from all hyperthermia-producing cathodal le- 
sions, whether medially or laterally placed. Futhermore, the 
activity changes produced by cathodal and medial anodal 
damage were similar in form and intensity. Nevertheless, as 
with anodal lesions, the two effects were dissociable. 

To determine if smaller lesions might reveal a hypother- 
mic response to lateral cathodal damage, we examined 
threshold Tbr responses to cathodal current in two additional 
animals with laterally placed electrodes. In one, lesions of 
1.0 mA for 5 and 10 seconds had no effect on Tbr. A third 
lesion of 2.0 mA for 10 seconds led to a hyperthermia of 
1.9°C. In the other animal, 1.0 mA for 5 seconds had no 
effect, 1.0 mA for 10 seconds elicited a hyperthermia of 
0.6°C, and 2.0 mA for 10 seconds yielded a 1.0°C rise in Tbr. 

In 2 animals lateral cathodal lesions (2.0 mA for 20 sec- 
onds) had no effect on Tbr. In one of these (CE 32), an 
anodal lesion (1.0 mA for 10 seconds) made through the same 
electrode one week after a cathodal lesion, elicited a 
hypothermic response (Fig. 8). 

Cathodal lesions (2.0 mA for 20 seconds) yielded hyper- 
thermias slightly greater in magnitude and longer in duration 
than those that followed anodal damage (1.0 mA for 10 sec- 
onds). At one week postlesion, tissue damage from the 
cathodal lesions appeared larger than that from the anodal 
lesions. However, in animals sacrificed at 24 hours postle- 
sion, the anodal damage was slightly more extensive. This 
agrees with a previous comparison of lateral hypothalamic 
anodal and cathodal lesion sizes after 24 hours in rats [26], 
and implies that the anodal lesion size in Nissl stained tissue 
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FIG. 7. Samples of prelesion (a) and postlesion (b and c) EMG, taken from same session as shown in Fig. 6. 
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FIG. 8. Hypothermic response to a unilateral and anodal lesion (1.0 
mA for 10 sec) at 25°C. Abbreviations as in Fig. 1. 


shrinks faster during the first postoperative week than does 
the cathodal lesion size. 

In summary, medial cathodal lesions led to rises in Tbr 
similar in magnitude, but longer in duration than those seen 
after medial anodal lesions. Lateral cathodal lesions either 
had no effect, or caused hyperthermias. Falls in body tem- 
perature were never observed following cathodal lesions. 


Lesions Outside the POA 


There was no effect on Tbr after unilateral anodal lesions 
(1.0 mA for 10 seconds) of the medial septal area (n=2) or the 
amygdala (n=2). A cathodal septal lesion in one animal (2.0 
mA for 20 seconds) also had no effect. These areas were 
selected because of their extensive reciprocal connections 
with the POA. 


DISCUSSION 


Unilateral anodal lesions of the medial POA elicited 
short-latency hyperthermias, whereas similar lesions in the 
lateroventral POA led to acute falls in body temperature. To 
our knowledge, this is the first report of a medial-lateral 
difference in the thermoregulatory effects of focal hypotha- 


lamic damage. These results further demonstrate that the 
thermoregulatory and locomotor activity effects of POA 
trauma are dissociable. Unilateral lesions evoked hyper- 
thermias without marked activity changes in 2 animals. The 
increased locomotor activity and elevated body tempera- 
tures had different durations in 5 others. Our results agree 
with other reports of acute hyperthermias following unilat- 
eral medial POA damage in rats [1,20]. Only hyperthermias 
have been previously reported following bilateral electrolytic 
POA lesions in rats, even when the damage encroached on 
the lateroventral POA [15]. Since falls in Tbr were always 
shorter lived than rises in the present experiments, any tend- 
ency towards hypothermia following bilateral POA ablations 
is probably masked by the increased heat production of 
hyperactivity. 

Several aspects of our results indicated that medial and 
lateroventral anodal lesions of the POA selectively activated 
integrated cold and heat defense functions, respectively 
Firstly, the lesion-induced hyper- and hypothermias were 
actively generated, since the magnitudes of both were rela- 
tively independent of environmental temperature. Passive 
Tbr changes, such as would be expected if the lesions 
produced a generalized depression of thermoregulatory con- 
trol, are highly Ta-dependent [5,23]. Secondly, the responses 
accompanying the lesion-induced Tbr changes were similar 
to those evoked by heat and cold stress in normal rats. For 
instance, medial lesions elicited vasoconstriction of the tail, 
increased oxygen consumption, and shivering (Figs. 3 and 
4), whereas lateral lesions led to vasodilation of the tail, 
decreased oxygen consumption, and prone body extension 
(Figs. 6 and 7). Thirdly, the lesions activated effector mech- 
anisms differentially depending on Ta, suggesting that they 
were not acting directly on motor systems. For example, one 
animal at 32°C was peripherally vasodilated before the 
lateroventral POA lesion was made. Tbr dropped because 
oxygen consumption was reduced. At 25°C, a second 
animal’s oxygen consumption was low in the prelesion 
period, and the hypothermia was accompanied by vasodila- 
tion (see Fig. 8). In a third animal, at 15°C, prelesion oxygen 
utilization was elevated and Tt was low. The lesion-induced 
fall in Tbr was the result of both decreased metabolic rate 
and peripheral vasodilation (see Fig. 6). Finally, antagonistic 
responses were inhibited; medial lesions both initiated cold 
defense responses and inhibited heat defense responses that 
should otherwise have been elicited by the rising body tem- 
perature. A normal animal’s responses to thermal stress are 
similarly integrated [22]. 

In contrast to anodal lesions, cathodal damage did not 
show an anatomical difference in thermoregulatory effects, 
aside from lateral placements being occasionally ineffective. 
Therefore, tissue damage per se is not responsible for all of 
the acute thermoregulatory effects of POA trauma, for both 
anodal and cathodal lesions destroy tissue. Clearly, some 
unique aspect of anodal damage underlies the trauma- 
induced hypothermias, since lateral cathodal damage had no 
thermolytic effects. Metallic ion deposition, a correlate of 
anodal but not cathodal damage [19], may be important in 
this regard. The deposited ions could gradually spread from 
the focus of damage and irritate surrounding neural tissue 
[30]. Thus, tissue at a distance from the electrode tip could 
mediate the hypothermic action of lateroventral anodal le- 
sions. Similarly placed cathodal lesions would have no 
hypothermic effects since they produce no spread of irrita- 
tion. This might explain how a lateroventral anodal lesion 
could evoke a fall in Tbr, even though cathodal damage made 
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FIG. 9. Hyperthermic response to unilateral cathodal lesion (2.0 mA for 20 sec) at 25°C. Abbreviations as in Fig. 1. 


through the same electrode a week earlier had no effect on 
Tbr (Fig. 8). 

Medial anodal and cathodal POA damage were equally 
effective in eliciting hyperactivity and hyperthermia. How- 
ever, the underlying mechanisms need not be identical. For 
instance, we have evidence suggesting that the hyperther- 
mias produced by anodal and cathodal lesions are of differ- 
ent origin. The fever produced by unilateral mechanical 
puncture of the POA is antagonized by indomethacin, a pros- 
taglandin synthesis inhibitor [20]. We have found that anodal 
hyperthermias are blocked much more effectively by in- 
domethacin than are cathodal hyperthermias (Satinoff and 
Szymusiak, unpublished). 


Our results suggest that heat and cold defense functions 
are, at least partially, anatomically segregated within the 
anterior basal forebrain. The exact functional anatomy is not 
clear from our experiments, since the lesions are probably 
acting on tissue at a distance from the electrode tip (i.e., by 
diffusion of metallic ions or neurotransmitters away from the 
focus of damage). Few studies have looked for possible 
functional differences within the POA. In rats, bilateral knife 
cuts separating the medial POA from the lateral hypothala- 
mus chronically impair body temperature maintenance in 
cold, but not warm, environments [13]. This does not reflect 
a generalized cold defense deficit, however, since these 
animals lack only the ability to vasoconstrict in the cold, 
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FIG. 10. Samples of prelesion (a) and postlesion (b and c) EMG, taken from the same session as shown in Fig. 9 


while other cold defense responses still function [9]. Re- 
covery of function and redundancy of hypothalamic thermo- 
regulatory connections may attenuate the chronic effects of 
all but the most extensive POA ablations. Examination of the 
thermoregulatory effects of electrical stimulation or ferric 
chloride injections throughout the POA and surrounding 
areas may help identify the areas responsible for the thermo- 
regulatory differences between medial and lateral anodal le- 
sions. 


In summary, we have found that focal electrolytic trauma 
to different portions of the POA can have different acute 
thermoregulatory effects. Unilateral anodal lesions of the 
medial POA activate integrated cold defense functions and 
lateroventral anodal lesions initiate integrated heat defense 
responses. These results point to a possible anatomical 
segregation of these functions within the anterior basal fore- 
brain. 
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SVARE, B. AND J. BROIDA. Genotypic influences on infanticide in mice 
determinants. PHYSIOL. BEHAV. 28(1)171-175, 1982.—Approximately 20-30% of adult, 60-70 day old, DBA/2J male mice 
exhibit infanticide toward standard stimulus 1-3 day old Rockland-Swiss Albino mouse pups, while 50-80% of adult 
C57BL/6J males display the behavior. Reciprocally-crossed hybrid males exhibit DBA-like levels of low pup-killing behav- 
ior and cross-fostered DBA and C57BL males retain their strain-typical phenotype. Also DBA males continue to exhibit 
low levels of infanticide and C57BL males display high levels of the behavior regardless of the length of pup exposure, or 
the sex, age, or strain of the stimulus newborn. Thus, strain differences in pup-killing behavior are not related to differences 
in the prenatal or postnatal maternal environment, or to situational or experiental factors. Inherent biological differences 


may be responsible for the strain differences in infanticidal behavior. 
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THE killing of young by adults, or infanticide as it is fre- 
quently referred to, is a sexually dimorphic testosterone 
(T)-dependent behavior. In outbred laboratory mice, roughly 
40-60% of males and 10% or less of females exhibit infan- 
ticide [6]. Testicular hormones promote pup-killing in adult 
mice. Castration of adult males reduces the behavior while T 
treatment restores it [7]; T treatment in adulthood induces 
100% of virgin female mice to revert from maternal behavior 
(i.e., retrieving and nursing of young) to the killing of young 
[4,19]. Interestingly, exposure to T during early life has a 
suppressive effect on infanticide. One-hundred percent of 
neonatally castrated males exhibit the behavior in response 
to adult T [8,12] and only 40-60% of neonatally androgenized 
females exhibit infanticide in response to adult steroid expo- 
sure [8,12]. 

Genetic constitution also is an important determinant of 
infanticide in mice. Males of the DBA/2J and C57BL/6J in- 
bred strains exhibit striking differences in the overall inci- 
dence and developmental onset of pup-killing [21]. When 
tested at 70-90 days of age for their tendency to kill standard 
stimulus 1-3 day old Rockland Swiss (R-S) albino young, 
70-80% of CS57BL males are infanticidal while only 20-30% 
of DBA males exhibit the behavior. Instead of killing young, 
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DBA males are either maternal toward or they ignore new- 
borns. When tested for infanticide at 25, 35, 45, 55, or 65 
days of age, few males of either strain kill young at 25 days of 
age. Beginning at 35 days of age, however, significantly more 
CS57BL males kill young at every age as compared to DBA 
males. C57BL males also exhibit an earlier developmental 
onset of adult-like levels of infanticide than DBA males (45 
vs 65 days of age, respectively). 

The question remains as to how genes exert effects upon 
pup-killing behavior in inbred mice. The aim of the present 
series of experiments was to explore whether or not and to 
what extent environmental, situational, and experiential fac- 
tors modulate the differences observed in the infanticidal 
behavior of inbred mice. 


EXPERIMENT | 


Maternal environmental factors have been shown to 
mediate strain differences in behaviors ranging from inter- 
male aggression to alcohol preference (cf. [10, 11, 18]). One 
way to investigate whether or not strain-typical patterns of 
infanticide are due to differences in the prenatal and/or 
postnatal maternal environment is to examine the behavior 
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in reciprocally-crossed animals (i.e., crossing CS7BL males 
with DBA females, and comparing their offspring to the off- 
spring of C57BL females and DBA males). The hybrid off- 
spring have the same genotype but their mothers are from 
different strains. Thus, if prenatal and/or postnatal maternal 
factors are important for infanticide, then the genotype of the 
mother should make a difference in the pups’ level of the 
behavior. In the following experiment, reciprocal crosses 
were employed in order to investigate maternal environ- 
mental influences on infanticide. 


METHOD 


Except where noted, the animals used in these experi- 
ments were inbred-derived male DBA/2J and C57BL/6J male 
mice. The animals were born and reared in our vivarium at 
the State University of New York at Albany. They were 
decendents of animals originally purchased from the Jackson 
Laboratory, Bar Harbor, Maine. The animals were housed 
in 11'/2x7'/2x5 in polypropylene cages. The floors of the 
cages were covered with pine shavings and the animals were 
provided with food (Charles River Mouse Chow) and water 
in excess. The colony room temperature was controlled at 
24+1°C while the lighting regime consisted of a 12/12 hr 
light/-dark cycle with lights on at 7:00 a.m. 

In the first experiment, adult 60-70 day old, CS5S7BL/6J 
and DBA/2J female mice were timed-mated in group breed- 
ing cages either with similarly aged males of the same strain 
(i.e., DBA female DBA male = DBA inbred offspring; 
C57BL female x C57BL male = C57BL inbred offspring) or 
males of the opposite strain (i.e., reciprocal crosses: CS7BL 
female x DBA male = B6D2F1 hybrid offspring; DBA 
female x CS5S7BL male = D2B6F1 hybrid offspring). When a 
vaginal plug was found, the females were individually 
housed. On the day of parturition, the litters of the above 
matings were adjusted to 5-7 male offspring. The number of 
males used in each of the groups was 26, 32, 49, and 50 for 
C5S7BL, DBA, B6D2, and D2B6 lines respectively. The lit- 
ters were weaned at 21 days of age, isolated at 60 days of 
age, and tested for infanticide at 8:00 a.m. the next day (i.e., 
24 hours following isolation). Tests for infanticide consisted 
of placing a single 1-3 day old Rockland-Swiss (R-S) Albino 
mouse pup into each animals cage in the corner of the cage 
furthest from the area occupied by the adult [20]. Rockland- 
Swiss Albino mouse pups were used in order to standardize 
the stimulus qualities of the pups in the test situation (see 
Simon [17] for a discussion of this technique in behavior- 
genetic experimentation). The pup was left in the cage for a 
period of 15 minutes and the adult’s behavior was classified 
into one of the following categories: (1) Retrieve, retrieving 
the pup to the next site; (2) Kill, killing and at least partially 
cannibalizing the pup; (3) Ignore, neither killing nor retriev- 
ing the pup. 


RESULTS 


Figure 1 shows the incidence of infanticidal behavior in 
adult males of the CS7BL/6J and DBA/2J inbred strains and 
males of the reciprocally-crossed B6D2 and D2B6 hybrid 
lines. (Chi-Square tests revealed that litter did not signifi- 
cantly influence the incidence of killing, ignoring, or retriev- 
ing of young in any of the experiments reported here. Thus, 
this variable was not included in further statistical analyses.) 
In contrast to the high level of infanticide exhibited by 
CS57BL males (> 60%), animals of the DBA strain and 
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FIG. 1. The results of Experiment | showing the percentage of 60 
day old males of the CS7BL/6J and DBA/2J inbred strains and males 
of the reciprocally-crossed B6D2 and D2Bé6 hybrid lines that killed, 
ignored, or retrieved a single newborn (1-3 day old) Rockland-Swiss 
Albino mouse pup during a 15 minute test. Infanticide tests were 
conducted following 24 hours of isolation. 


animals of both hybrid lines exhibited low levels of infan- 
ticide (< 25%). Chi-Square tests showed that DBA, D2B6, 
and B6D2 males did not differ from each other in the propor- 
tion of animals killing young and significantly fewer animals 
from these groups exhibited infanticide when compared to 
CS57BL males, x?(1)=10.0, p<0.01. Also, significantly more 
DBA, D2B6, and B6D2 animals retrieved young as com- 
pared to C57BL animals, ,*(1) = 5.2, p<0.05. The results 
therefore show that there is complete dominance for the 
DBA phenotype of low infanticidal behavior (i.e., both hy- 
brid lines seldom exhibited pup-killing). More importantly, 
however, they show that genotype of the mother has little 
influence on the incidence of infanticide. 


EXPERIMENT 2 


A more powerful method for assessing whether or not 
postnatal maternal factors modulate genotypic variation in 
infanticide is the cross-fostering procedure. In the following 
experiment, neonates were transferred (cross-fostered) at 
birth to mothers of the opposite strain. We reasoned that 
postnatal maternal influences on infanticide would be impli- 
cated if pups reared by a foster mother behaved like the pups 
of the foster mother’s strain. Conversely, if the cross- 
fostered pups behaved true to their own genotype, then 
strain differences in infanticide could not be due to postnatal 
maternal factors. 


METHOD 


Adult 60-70 day old C57BL and DBA female mice were 
mated with same-strain males and subsequently isolated as 
described earlier. On the day of parturition, their litters 
were adjusted to 5-7 male offspring, and either cross- 
fostered to recently parturient (less than 24 hours 
postpartum) females of the opposite strain (Group CROSS), 
in-fostered to recently parturient females of the same strain 
(Group WITHIN), or not fostered (Group CONTROL). (The 
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pups of recipient mothers were first removed.) Pups in 
Group CONTROL were simply picked up and then placed 
back in the nest. The number of animals used in each of the 
above groups for each strain was 33, 41, and 41 respectively 
for DBA males and 18, 26, and 41 respectively for CS7BL 
males. The animals were weaned at 21 days of age, isolated 
at 60 days of age, and tested on the following day for infan- 
ticide. 


RESULTS 


Figure 2 portrays the effects of cross-fostering on the in- 
fanticidal behavior of CS7BL and DBA male mice. It is clear 
from this portrayal that cross-fostering had no effect on the 
incidence of infanticide. Within each strain, Groups CON- 
TROL, CROSS, and WITHIN did not significantly differ 
from each other with respect to the proportion of animals 
killing, ignoring or retrieving young. Chi-Square tests per- 
formed after animals of all groups within each strain were 
combined revealed that a significantly higher proportion of 
CS7BL males exhibited pup-killing as compared to DBA 
males (> 45% vs < 10%, respectively), x7(1)=62.9, p<0.001, 
although there was a slight tendency for lower levels of the 
behavior in both strains (see Experiment 1 and Svare and 
Mann, [21]). Also, a significantly higher proportion of DBA 
males ignored young as compared to CS57BL males, 
x*(1)=18.1, p<0.001. The present results further support 
those of Experiment 1 by showing that postnatal maternal 
environemntal factors do not mediate strain differences in 
the incidence of infanticide. 


EXPERIMENT 3 


Test duration, and the age, sex, and strain of the stimulus 


newborns represent some situational and experiential factors 
that potentially might account for the differential incidence 
of infanticidal behavior in CS7BL and DBA male mice. The 
influence of these factors on pup-killing was explored in the 
following experiment. 


METHOD 


Inbred CS7BL and DBA male mice were generated in our 
laboratory as previously described. At 60-70 days of age, the 
animals were randomly assigned to one of several condi- 
tions. The influence of the sex of the stimulus pup on infan- 
ticide was examined by exposing separate groups 
(N=20/group) of males within each strain to either a 1-3 day 
old R-S male or female newborn. The influence of the age of 
the stimulus newborn was assessed by exposing separate 
groups (N=20/group) of males within each strain to either a 
single 1-3, 5-7, or 10-12 day old R-S pup. The role of strain 
of the stimulus pup was explored by confronting separate 
groups (N=20/group) of male mice of each strain with either 
a single 1-3 day old R-S, C57BL, or DBA neonate. Finally, 
the influence of test duration on infanticide was examined by 
exposing separate groups (N =26/group) of DBA and CS7BL 
male mice to a single 1-3 day old R-S pup for either 0.25 hour 
or 4 hours. Tests for infanticide were conducted following 24 
hours of isolation. Except where noted, the tests were 15 min 
in duration. 


RESULTS 


Table 1 shows the results of Experiment 3. Regardless of 
the test duration, or the sex, age, or strain of the stimulus 
pup, C57BL male mice tended to exhibit infanticide while 
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FIG. 2. The results of Experiment 2 showing the percentage of 
C57BL/6J and DBA/2J male mice that were either cross-fostered at 
birth to recently parturient females of the opposite strain (Group 
CROSS), in-fostered to recently parturient females of the same 
strain (Group WITHIN), or were not fostered (Group CONTROL), 
that killed, ignored, or retrieved a single newborn (1-3 day old 
Rockland-Swiss Albino mouse pup during a 15 minute test. The 
animals were tested at 65 days of age for infanticide following 24 
hours of isolation. 


DBA males either ignored or retrieved young. Within each 
strain, the experimental groups did not differ from each other 
with respect to the proportion of animals that killed, ignored, 
or retrieved newborn pups. Significantly more CS7BL male 
mice exhibited infanticide in every situational condition (test 
duration, sex, age, and strain of pup) as compared to DBA 
males, x*(1) = 27.6, p<0.001. In contrast, under the same 
conditions, significantly more DBA male mice ignored o1 
retrieved newborn pups than did C57BL males, x*(1) = 4.5, 
p<0.05. 


GENERAL DISCUSSION 


Male mice of the C57BL/6J and DBA/2J inbred strains 
exhibit striking differences in the display of infanticidal be- 
havior. The rapid development onset and high incidence of 
the behavior in C5S7BL males is in sharp contrast to the slow 
developmental onset and low overall incidence of pup-killing 
in DBA males (see introductory remarks and [21]). Because 
strain differences in behavior are often related to subtle en- 
vironmental and methodological factors, we sought to 
document in the present report the influence of some simple 
environmental, situational and experiential factors on infan- 
ticide in inbred male mice. 

When exposed to standard stimulus 1-3 day old 
Rockland-Swiss Albino pups, adult DBA males and 
reciprocally-crossed hybrid males (D2B6 and B6D2) exhib- 
ited low levels of infanticide (less than 25% killed young) 
while C57BL males exhibited relatively high levels of pup- 
killing (60% killed newborns). Also, cross-fostered DBA and 
CS57BL males retained their strain typical phenotype in that 
the latter continued to exhibit high levels of infanticide while 
the former continued to display low levels of the behavior. 
The present findings also have shown that DBA male mice 
exhibit low levels of pup-killing regardless of the length of 
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TABLE | 


EFFECTS OF TEST DURATION AND STRAIN, SEX, AND AGE OF YOUNG 
ON INFANTICIDE IN CS57BL/6 AND DBA/2J MALE MICE 





CS7BL/6J DBA/2J 


Experimental 


Condition Retrieve 


Ignore Retrieve Ignore 





Sex of Pups* 
Male 
Female 

Age of Pups * 
1-3 Days 
5-7 Days 
10-12 Days 

Strain of Pups + 
R-S 11/20 (.55) 20 (.05) 4/20 (.20) 
CS7BL/6J 13/20 (.65) 20 (.05) 1/20 (.05) 


15/20 (.75) 
15/20 (.75) 


3/20 (.15) 
1/20 (.05) 


0/20 (0) 
0/20 (0) 


14/20 (.70) 
14/20 (.70) 


16/20 (.80) 
16/20 (.80) 
13/20 (.65) 


0/20 (0) 
1/20 (.05) 
0/20 (0) 


12/20 (.60) 0/20 (0) 
16/20 (.80) 0/20 (0) 
15/20 (.75) ; 4/20 (.20) 


6/20 (.30) 
11/20 (.55) 
10/20 (.50) 


DBA/2J 
Length of Test* 

0.25 hr 

4.00 hr 


16/26 (.62) 
18/26 (.69) 


14/20 (.70) ; 20 (.10) 1/20 (.05) 


3/26 (.11) 
3/26 (.11) 


17/26 (.65) 
15/26 (.58) 


3/26 (.11) 
3/26 (.11) 





*1-3 day old R-S pups. 
*R-S pups. 
+1-3 day old pups. 


exposure to young (0.25 or 4 hours), or the sex, age (1-3, 
5-7, or 10-12 days), or strain (R-S, DBA, or C57BL) of the 
stimulus pups, while C57BL males display high levels of 


infanticide under all the above conditions. Taken together, 
the results indicate that strain differences in infanticidal be- 
havior are not related to differences in the prenatal or 
postnatal maternal environment, or to simple situational or 
experiential factors. 

Barring the possibility that some other environmental fac- 
tor may account for strain differences in infanticide, these 
results suggest that inherent biological differences between 
CS7BL and DBA male mice may be responsible for the high 
level of infanticide observed in the former and the low level 
of the behavior exhibited by the latter. Because pup-killing is 
a testosterone (T)-dependent behavior (see introductory 
section) and because CS5S7BL males have been characterized 
as androgen deficient relative to DBA males [1, 2, 3, 4, 9, 13, 
14, 15], it is reasonable to assume that strain differences in 
pup-killing may be related to temporal differences in the se- 
cretory pattern of T during certain crticial developmental 
stages. Differences in pubertal and adult circulating levels of 
T have been ruled out as a factor since C57BL males (exhibit 


high levels of infanticide) have lower levels of the hormone 
than DBA males (display low levels of infanticide [23]) and 
there is a positive dose response relationship in adulthood 
between T and infanticide [4,19]. We have speculated 
elsewhere [21] that the observed strain difference in pup- 
killing may instead be related to differences in perinatal T 
exposure. Low levels of perinatal T are known to facilitate 
T-aroused pup-killing behavior in adulthood while high 
levels of the steroid during early life suppress it [8,12]. Thus, 
if their androgen-deficiency also extends to early life, CS7BL 
males may, as a result, be highly sensitive to the in- 
fanticide-promoting qualities of adult T exposure. Con- 
versely, as a consequence of their greater exposure to T 
perinatally, DBA males may be less sensitive to the pup- 
killing producing properties of adult T. If the above hypoth- 
esis is correct, strain differences in pup-killing behavior 
should be reduced or eliminated following manipulations 
such as perinatal exposure of CS7BL mice to supplemental T 
and perinatal treatment of DBA males with T antagonists. 
The above experiments, in combination with the assessment 
of circulating T during fetal and early postnatal life, currently 
are being conducted in our laboratory. 
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ENGELLENNER, W. J., L. ROZBORIL, V. P. PERDUE, R. G. BURRIGHT AND P. J. DONOVICK. A simple and 
inexpensive metabolic cage for mice. PHYSIOL. BEHAV. 28(1) 177-179, 1982.—An inexpensive and easily constructed 
metabolic cage for mice is presented. This apparatus can reliably monitor food and fluid consumption, as well as urine and 


fecal output, in a relatively non-intrusive manner. 


Metabolic cage Mice Intake/output monitoring 


PREVIOUS studies indicate that monitoring of metabolic 
functions (intake/output data; urine samples, etc.) is fre- 
quently desirable [1, 2, 3]; yet simple, dependable, and inex- 
pensive equipment that can yield pertinent information in a 
relatively non-intrusive setting is often not readily available. 
The present apparatus provides a reliable means of monitor- 
ing food and fluid consumption, and quantity of urine and 
feces excreted by mice. The cage is easily constructed and is 
relatively inexpensive (approximate material cost: $9.00 
each). 


MAINTENANCE CAGE 


The maintenance cage for the mouse (see details in Figs. 1 
and 2) is constructed of PVC tubing (Plexiglas) and is located 
on a shelf that is independent of the collection apparatus. 
The roof and floor of the chamber are comprised of gal- 
vanized hardware cloth and are described in Fig. 1. The 
mesh floor is cut slightly larger than the cage diameter and 
supports the apparatus over holes in the shelf (see below). 
Two parabolic notches are made on opposite sides of the 
wall base and provide access to food pellets and a sipper 
tube. 


FOOD AND WATER DELIVERY 


A 25 ml graduated cylinder (without base), serves as a 
drinking tube. The stopper of the tube is supported by Plexi- 
glas tubing which is notched to match the parabolic opening 
the chamber wall and attached with Plexiglas side braces 
(see Fig. 1). The sipper tube is extended to meet the opening 
and is anchored in place by a pair of rubber bands attached to 
protruding screws (see Fig. 2). Effective delivery of Charles 
River mouse chow pellets is achieved through a machined 
Plexiglas food tube (see Fig. 1). A stainless steel plate with 
circular food hole (Fig. 1, detail A) prevents the mouse from 
bringing pellets into the cage, but allows easy access to the 
food. 


Collection of spilled food and water allows for more accu- 
rate intake measurements and serves as an extra precaution 
against any food particles or water droplets contaminating 
the urine and feces samples. Spillage collection is accom- 
plished without dismantling the apparatus or disturbing the 
animal. The maintenance chambers are supported on a wood 
shelf (3/4 in. x 10 in.). Bore holes corresponding to the exact 
shape of the chamber (Fig. 1, bottom left), including food 
and water tubes are spaced 9 in. (center to center) along its 
length. Spilled materials pass through the mesh floor and are 
collected on sliding trays (Fig. 2) located beneath the shelf 
directly under the food and water tubes. The trays extended 
slightly (1 cm) into the main chamber but did not interfere 
with sample collection. The flanged trays shown in the figure 
were sloped such that spilled materials ran down the trays 
and were collected in beakers (not shown) placed on the 
lower shelf. We suggest that it is much simpler and more 
efficient to construct flanged, close-ended trays in which 
spilled materials are collected directly. A small amount of 
mineral oil in the water spill tray will help retard evapora- 
tion. Four solid head thumbtacks from a track on which the 
trays can be removed and replaced. 


Urine and Feces Collection 


Collection of urine and feces is achieved with four com- 
mon pieces of laboratory glassware: two beakers (50 and 
1000 ml), a filling or powder funnel (150 mm diameter), and a 
boiling flask (150 ml). A separate shelf has been used to hold 
the funnels. It has a 5.5 in. diameter bore holes spaced 4 in. 
apart, and these are notched so that the funnels can be re- 
moved and replaced without disturbing the maintenance 
chambers, which we seated over the funnels. The entire 
apparatus is shown in Fig. 2. Each chamber is located di- 
rectly over a funnel. Urine and fecal matter pass through the 
floor and are carried down the funnel surface by gravity. The 
boiling flask (inverted in the 50 ml beaker) serves as a 
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FIG. 2. Mice in functioning metabolic cage. 


‘*bouncer’’ surface and separates feces and urine. These two 
are placed inside the larger beaker and located off center 
under the funnel opening such that no urine or feces collect 
at the top of the bulb. Urine runs down the surface of the 
nippled flask and is collected in the 50 ml beaker. Placing a 
small amount of mineral oil in this beaker will reduce evap- 
oration loss of urine. Since the diameter of the flask bulb 
exceeds that of the beaker, fecal pellets bounce or fall off and 
are collected in the larger beaker. 

Fecal output is easily recovered, counted and weighed. 
Urine output is determined by pouring the beaker contents 
into a small graduated cylinder and reading the oil/urine 
miniscus. If more detailed analyses are desired, the urine can 
be recovered in a separatory funnel. We have periodically 


TABLE | 
MDN 48 HR URINE PRODUCTION (ml) 





Young* 





Kanamycin 2.0 
Saline 1.0 





*Last week of injection; p<0.028. 
tp<0.05. 


injected a known volume of H,O (5 ml) through this appara- 
tus and measured the volume recovered 48 hr later. Percent 
recovery has ranged from 80 to 85. 

To maintain efficient flow of urine and fecal matter it is 
essential that the funnel and flask remain well coated with 
silicone (any commercially available spray seems to suffice). 
Application is achieved with a silicone soaked rag and the 
apparatus should be allowed to dry at least one hour prior to 
use. The silicone application procedure should be done 
about five times prior to initial use, and every 2-3 days 
thereafter. 

As an example of the utility of this apparatus, we have 
used it to monitor the fluid intake and urine output of mice 
exposed to chronic administration of the antibiotic, 
kanamycin. Subjects of two ages were used. Adult male 
Binghamton Heterogeneous stock mice which were 60-70 
and 330-365 days old and which weighed approximately 20 g 
and 34 g, respectively, at the beginning of the experiment 
were employed. Mice were given either daily subcutaneous 
injections of kanamycin sulfate (800 mg/kg body weight) or 
equal volume physiological saline for 8 (young) or 5 (old) 
weeks. Urine output and fluid consumed was recorded at 48 
hr intervals. Although there were no significant differences 
among groups in terms of fluid consumption (Last week of 
injection, MDNS=10.2 young, 11.8 old), kanamycin treated 
mice of both ages excreted more urine than their saline 
treated counterparts during the period of drug administration 
(see Table 1). Two weeks following the termination of injec- 
tions urine production was equivalent in drug and saline con- 
trol animals, suggesting that the drug did not have permanent 
nephrotoxic properties with our regime. 
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GRAY, D. S. AND B. S. CHEUNG. An inexpensive surgical headholder for the rat. PHYSIOL. BEHAV. 28(1) 181-182, 
1982.—In many surgical procedures, there is a need to secure the animal’s skull in a particular orientation. Described here 
is a surgical headholder for the rat that is inexpensive and easily constructed. The main component of the headholder is a 
screw type tubing clamp that is modified to allow the hard palate of the rat to be rigidly secured to the base plate of the 
clamp. This headholder has proven to be a highly satisfactory alternative to commercially available devices 


Rat Surgical headholder Rat surgery 


IN MANY types of rat surgery, there is a need for the skull 
to be rigidly secured in a particular orientation during the 
operative procedure. For example, vestibular neurotomy 
[1,3] and labyrinthectomy [2] are greatly facilitated if the 
animal’s skull can be rigidly fixed. Standard stereotaxic 
frames are unsuitable for this type of surgery as they rely on 
bars inserted in the auditory meatus and are often difficult to 
manipulate so that the required surgical field is optimally 
exposed. Headholders designed to overcome these problems 
are commercially available (e.g., Kopf Instruments, Model 
#320) and have been previously described in the literature 
(e.g., see [1]). These designs are either relatively expensive 
for use in the small laboratory or are unnecessarily compli- 
cated in their construction. Described here is an effective 
surgical headholder for the rat that is inexpensive and easily 
constructed. 


CONSTRUCTION 


The general principle of the headholder described here 
involves clamping the hard palate to a base plate in which a 
hole has been drilled to insert the upper incisors (see Fig. 1). 
The main component of this clamping device is a modified 
screw-type tubing clamp (e.g., Hoffman open-side pinch- 
cock). The incisor hole is drilled in the base plate of the 
clamp in a location that will allow insertion of the open end 
of the clamp far enough along the hard palate to provide 





adequate support yet not so far that the fleshy part of the 
nose is pushed into the vertical portion of the clamp. A 4mm 
diameter hole drilled 15 mm from the open end of the base 
plate is appropriate for Long-Evans rats of approximately 
350 g. These dimensions can be easily altered to accommo- 
date both smaller and larger animals. The headholder works 
best if the open end of the clamp terminates against the upper 
molars. The end of the clamp may be shaped to eliminate 
sharp edges and improve the fit of the base plate against the 
palate. 

The movable portion of the clamp is shaped with acrylic 
cement to conform to the forward slope of the nasal bones. 
Acrylic should be continued over the upper part of the mov- 
able bar to ensure that it will remain in place. A ridge of 
acrylic is then built up at the appropriate angle on either side 
of the acrylic shim to eliminate possible lateral movements of 
the skull when the clamp is in place. Once the acrylic has 
hardened, final shaping of the shim is accomplished by filing 
or grinding. 

The vertical portion of the clamp frame may be drilled and 
tapped or brazed to a rod that may be clamped in a standard 
laboratory retort stand as illustrated in Fig. 1. If facilities for 
tapping or brazing are unavailable, the clamp may be secured 
in a standard screw-type flask clamp. The choice of an ap- 
propriate retort apparatus will allow the rat’s skull to be 
fixed in any orientation desired by the operator. Experience 
with the headholder has proven it to be a highly satisfactory 
alternative to the expensive commercial devices. 
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FIG. 1. Photograph illustrating surgical headholder and method of mounting rat skull in headholder. Acrylic cement shim (A) is shown in white 
above nasal bones. Metal rod (B) shown attached to the vertical portion of the clamp (C) allows the clamp to be fixed in any desired 
orientation. 
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WIRTSHAFTER, D. AND K. E. ASIN. A comment on the practice of expressing food and water intake as a proportion of 
body weight. PHYSIOL. BEHAV. 28(1) 183-185, 1982.—It has been a common practice to express food and water intake 
as a proportion of body weight in an attempt to control for weight differences between individuals or treatment groups. It is 
argued here that, unless extreme caution is taken, this procedure is likely to result in misleading conclusions. Intake per 
kilogram body weight is not simply a measure of intake and it should not be treated as though it were. Furthermore, use of 
this technique to measure ingestion is more likely to introduce spurious relations between consumption and body weight 
than it is to eliminate relations which are actually present. We feel, therefore, that this measure should, at most, be used as 


a supplement to raw measures of food and water intake. 


Intake per kilogram body weight Food intake 


IN studies examining the effects of brain lesions on food and 
water intake, interpretive problems frequently arise from the 
fact that brain damage may alter the body weight which 
animals maintain (i.e., the body weight settling point [3,11]). 
Suppose that, following damage to a certain neural structure, 
body weight is altered. Under these circumstances, many 
investigators have attempted to ‘“‘eliminate’’ the effects of 
weight differences by expressing intake in terms of amount 
eaten (or drunk) per kilogram body weight (e.g., [1, 5, 7, 8, 
9}). Clearly, analysis of this measure may lead to different 
conclusions than analysis of raw intakes. For example, if a 
certain lesion reduced weight without changing baseline in- 
takes, analysis of grams eaten or milliliters drunk per kilo- 
gram body weight, would suggest that the lesion resulted in 
hyperphagia and hyperdipsia. A number of authors have in- 
deed drawn this sort of conclusion under similar circum- 
stances. 

The current note will argue that this technique, although 
possessed of considerable face validity, is in fact of dubious 
merit and likely to result in misleading conclusions. 

It is important to stress that intake per kilogram body 
weight is not simply a measure of intake. Many authors have 
presented data simply in terms of the ratio of intakes to body 
weight, often without presenting values which would allow 
the reader to calculate the effects of the treatments on intake 
per se. Since many procedures could have quite different 


Water intake 


effects on absolute and relative intake, it is important that 
the two measures be distinguished. The logical error inherent 
in equating relative and absolute intakes can be demon- 
strated by considering several cases in which relative meas- 
ures have not traditionally been used. For example, it is well 
known that in the static phase of the VMH syndrome, food 
intake is almost normal whereas body weight is greatly ele- 
vated [6]. Because of this, the ratio of food intake to body 
weight must be smaller in static lesioned than in control 
animals. Nonetheless, no one, to our knowledge, has 
claimed that VMH lesions produce transient hyperphagia fol- 
lowed by long term hypophagia. Again, it is quite possible that 
the ratios of food intake to body weight would be similar in 
obese and normal weight humans. In spite of this, no one, 
except perhaps the obese person himself, would be likely to 
claim that overweight persons eat no more than do those of 
normal weight. 

In these examples, the nonequilivance of absolute and 
relative intake measures is obvious; in cases where relative 
measures have typically been applied this is not usually the 
case. Intake per kilogram body weight may be a measure of 
something like feeding, or drinking, ‘‘efficiency,’’ but even 
this is not clear. Any attempt to interpret the intake per 
kilogram body weight measure must rely on a number of 
assumptions as to the relation between body weight and en- 
ergy or fluid requirements. Such limited data as are avail- 
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able, however, do not suggest that this measure has a simple 
interpretation. For example, the ‘‘metabolic mass’ of 
animals is linearly proportional, not to body weight, but to 
body weight raised to the */4 power [10]. Furthermore, in- 
creases in body weight do not even necessarily result in in- 
creased energy requirements. For example, it is possible that 
the insulating effect of subcutaneous fat may outweigh its 
metabolic requirements. Clearly, one cannot assume, a 
priori, that energy or fluid requirements are directly and 
linearly proportional to body weight. At any account, as the 
above examples demonstrate, intake per kilogram body 
weight is certainly not just a measure of intake, and should 
not be treated as such. 

The use of relative intake measures appears to be moti- 
vated by the a priori assumption that dividing the intakes of 
normal animals by their body weights will result in a value 
which is independent of body weight. Empirical evidence, 
however, does not provide much support for this claim. In 
fact, it is not even clear that the intakes of heavier animals 
are always greater than those of lighter animals. For exam- 
ple, we have retrospectively analyzed the baseline food and 
water intakes of 43 rats, used in experiments reported 
elsewhere [4], as a function of body weight. For these 
animals, ranging in weight from 350 to 460 g, no significant 
correlations were obtained between food or water intake and 
body weight (r=0.182 and 0.087, respectively). Cizek and 
Nocenti [2] found, in a longitudinal study, that the food and 
water intake of male rats increased until they reached a 
weight of about 280 g, but above this point did not vary as a 
function of weight. It should be noted that most studies are 
conducted using rats in this stable range. If the intakes of 
these normal animals were expressed as a proportion of body 
weight, one would conclude that rats progressively decrease 
their food and water intake once they have passed sexual 
maturity. In our series, strong negative correlations were 
obtained between food or water intake per kilogram body 
weight and body weight (r=—0.817 and —0.793, respec- 
tively). In this situation, therefore, use of relative intake 
measures resulted in the occurrence of strong relations with 
body weight which were not present in the original data. 
Although it might, perhaps, be of some physiological interest 
that heavier animals show relatively smaller food and water 
intakes, it seems incorrect to conclude that older animals are 
hypophagic and hypodipsic when their actual intakes are the 
same as those of younger rats. 

Regardless of the merit of this line of argument, the above 
data have a more important implication for the use of ratio 
measures in the interpretation of experimental data. Let us 
suppose that the food and water intakes of normal rats 
weighing 450 and 400 g do not differ. Let us suppose further 
that a certain lesion, done in 450 g rats, results in a 50 g 
weight loss but does not change baseline intake. Although it 
might, perhaps, make sense to say that the treatment in- 
creased relative intakes, it should be noted that the lesioned 
animals would be eating and drinking, per kilogram body 
weight, the same amount as would normal rats weighing 400 
g. Since the intake: weight ratios of the lesioned rats would 
be identical to those of normal animals of the same weight, it 
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would seem incorrect to conclude that the lesion had an 
effect on food and water intake. Indeed, it is not even clear 
whether one should conclude that relative intakes had been 
changed. For the lesion not to have affected relative intakes, 
it would be necessary that it produce about a 10% reduction 
in food and water consumption. Were these results to be 
obtained, however, it would seem silly to assume that the 
lesion did not affect intake since the lesioned animals would 
be eating and drinking less than intact rats of comparable 
weight. 

It might be thought that our arguments so far have rested 
too strongly on the claim that food and water consumption 
do not necessarily increase with increasing weight. Cer- 
tainly, intake varies with weight in young animals and it is 
likely that, under some conditions, a similar variation could 
be demonstrated in older subjects. Even under these re- 
stricted circumstances, however, it is unlikely that the use of 
ratio techniques would result in a measure unrelated to body 
weight. Let us suppose that, over a certain range of weight, 
intake is linearly related to body weight. We could then 
write: 

I=kw+c 


where I represents food or water intake, w body weight and 
k and c are constants. Dividing both sides of this equation by 
w we could then write: 

I/w=k+c/w 


It can be seen from this equation that I/w will be constant for 
animals of different weights only if c=0. In other words, 
even if intake and body weight are linearly proportional, a 
very strong assumption, intake relative to body weight will 
be constant only under the specific, and rather unlikely [2], 
condition where the regression line of food intake on body 
weight passes through the origin. If this condition is not met, 
it is as likely as not that the ratio intake measure will show 
proportional variations with body weight as large, or larger, 
than those shown by raw intake measures, but in the oppo- 
site direction. 

In summary, attempting to normalize intakes for animals 
of different weights by expressing them as a proportion of 
body weight is likely to produce misleading or difficult to 
interpret results. If, under the conditions examined, there is 
no relation between weight and intake in normal animals, use 
of intake:weight ratios will introduce a spurious relation. 
Even if intake and weight are related, under the experimental 
conditions studied, it cannot be assumed a priori that use of 
relative measures will eliminate these effects. Furthermore, 
proportional intakes are not simply a measure of eating or 
drinking and should not be confused with such. At the very 
least, authors reporting intake per kilogram body weight 
should also provide information regarding raw food or water 
consumption. 
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QUABBE, H.-J. Double-lumen flow-through swivel for chronic experiments with unrestrained monkeys. PHYSIOL. 
BEHAV. 28(1) 187-189, 1982.—Two modifications of a flow-through swivel are described for prolonged infusions into and 
simultaneous blood-sampling from chronically implanted catheters of large, unrestrained animals, e.g., rhesus monkeys. In 
addition, both offer easy access to the catheters proximal to the swivel and to the lumen of the reinforced nylon tubing 


which connects the animal to the swivel. 


Double-lumen swivel Chronic blood sampling 


TWO modifications of a double-lumen flow-through swivel are 
described which have been developed for simultaneous pro- 
longed IV infusions and blood-sampling from caged, freely 
moving rhesus monkeys. 

In our experiments, the animal carries two jugular cathe- 
ters, which are tunnelled subcutaneously to a head pedestal 
and further brought up through protective reinforced nylon 
tubing to a swivel device mounted at the wall of the cage, as 
described by Nakai er a/. [3] and Wildt et al. [5]. In the 
system which we used previously, one catheter ends at a 
swivel joint and can thus be connected to a chronic infusion 
system. However, since the second catheter ends at and 
moves with the rotating part of the swivel, injections into or 
blood-sampling from this catheter must be done directly at 
the cage. Moreover, access to the catheter proximal to the 
swivel necessitates dismounting of the swivel from the cage 
and usually anesthesia of the animal. 

We have developed two modifications of the swivel de- 
vice which both allow easy access to the proximal part of the 
catheters and to the lumen of the protective nylon tubing. 
One instrument offers a double-lumen swivel and thus allows 
simultaneous prolonged infusions and frequent remote blood 
sampling. The other one has a single-lumen swivel with a 
rotating second catheter ending. 


SWIVEL I (FIG. 1a,b,c) 


This instrument allows the feedthrough of two catheters 
from rotating to stationary parts. The body is made of acry- 
lic. It consists of two carrier plates (B-1, B-2) which are 
connected by four extensible shafts (ES). The lower plate 
(B-1) serves to mount the instrument on the wall of the cage. 
It also carries a rotor (R) which transmits the movement of 


Unrestrained monkeys 


the reinforced protective nylon tubing (T) to the swivel 
proper (S) via two driving pins (P). The upper plate (B-2) 
carries the swivel proper. 

The protective nylon tubing (T) transmits the animal’s 
movement from the head pedestal to the rotor. It also carries 
the jugular catheters and is similar to that described by Nakai 
et al. [3] and Wildt et al. [5]. Once the catheters have 
emerged from the rotor, they are wound around a cylindrical 
holder (H). This extra length may be of value when a cathe- 
ter has been damaged at its attachment to the swivel during 
long-time use or when lysis of a clot in the animal’s catheter 
becomes necessary. 

One catheter is then connected to a central metal tube 
(a-1) in the rotating part of the swivel (see also Fig. 1b). This 
tube is matched at a watertight junction (j) by a similar tube 
in the stationary part of the swivel (a-2). Watertightness is 
secured by close fitting of the metal tubes to the borehole in 
the stationary Teflon® block (TB). The other catheter is con- 
nected to a non-central tube on the rotating part of the swivel 
(b-1). The connection to a similar non-central tube in the 
stationary part of the swivel (b-2) is made via a circular canal 
(cc). Two rubber rings (rr) secure water-tightness of the 
canal and prevent cross-contamination between the two 
channels. The pressure exerted by block (TB) on the rubber 
rings is adjustable by a screw (as). 

Fluid which is infused via the non-central feedthrough 
enters the stationary tube (b-2), fills the circular canal (cc), 
leaves it through the rotating tube (b-1) and further flows 
through the catheter into the animal. At the same time, fre- 
quent blood sampling is possible from the central feed- 
through without interruption of the infusion. Using a | mm 
inner diameter catheter and a 90 cm protective tubing for the 
connection of the animal to the swivel, the dead space from 
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FIG. 1. Swivel I. General view (Fig. 1a) and blow-up of *‘S’’ (swivel 
proper; Fig. 1b). Fig. lc shows a mounted instrument ready for use. 


the right atrium of the animal to the distal outlet of the swivel 
is approximately | ml. 

Swivel I was tested for cross-contamination by a 3-week 
perfusion of each flow-through channel with a colored aque- 
ous solution at a flow rate of 500 ml/hr, while continuous 
suction was applied to the other channel. During this time, 
the movable part of the swivel was continuously rotated with 
alternation of the direction 4 times per minute. No cross- 
contamination between the two channels was noted. 

An additional plastic catheter (not shown in Fig. 1) can be 
inserted into the protective nylon tubing, usually at the time 
of the first assembly. It allows rinsing of the pedestal and the 
protective nylon tubing with a_ bactericidal solution 
whenever necessary. This catheter is secured at the rotor 
with a Luer adapter (A). 


SWIVEL II (FIG. 2a,b) 


The lower part of swivel II (below line X——X) is identi- 
cal to that of swivel I. In the swivel proper (S), the rotating 
central tube (a-1) is matched at a watertight junction (j) by a 
similar stationary tube (a-2) which is immobilized at a roof 
plate (B-3) by a screw. Watertightness of the junction (see 
Fig. 2b) is achieved by a rubber ring (rr) which is pressed 
against the inner ring of a small ball-bearing (bb) by an ad- 
justable screw (as). This in turn fits tightly to the stationary 
tube (a-2). Thus the swivel (including the outer ring of the 
small ball-bearing, the rubber ring and the adjustable screw) 
rotates freely around the stationary tube (a-2). The other 
catheter (b-1) is threaded through a hole in the swivel proper 
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and ends at a Luer adapter (A-1), which rotates with the 
swivel. Hence, this catheter can only be used for direct in- 
jections or blood sampling without the use of a permanent 
extension line. 


COMMENT 


Most devices which are available commercially (e.g., ar- 
ticle No. 192-03, BRS/LVE, Beltsville 20705, MD) or have 
been described in the literature [2,4] for chronic infusions 
into moving animals are single-lumen flow-through swivels. 
A double-lumen cannulation system has been described for 
the unrestrained rat, which uses a rotating pulley assembly 
to keep the catheters from twisting on themselves [1]. How- 
ever, this arrangement does not allow extension of the cathe- 
ters to a non-moving part, e.g., a continuous delivery pump. 
A double-lumen system for use with freely moving monkeys 
has recently been described by Wildt er al. [5]. It allows 
extension of only one catheter to a non-moving part, and 
direct access to the proximal part of this catheter is not 
possible. 

Our swivel makes possible the transmission of two chan- 
nels from rotating to non-rotating parts as well as easy access 
to the proximal part of both catheters. This advantage seems 
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FIG. 2. Swivel Il. General view (Fig. 2a) and blow-up of **S”’ (swivel 
proper; Fig. 2b). 











to justify a relatively complicated system, the machining 
time of which is approximately 50 hours. The material cost is 
around 30 US-dollars. 

We have used both kinds of swivels for extended periods 
of time (>6 months for swivel I; >1 year for swivel II, so far) 
without dificulty. The slightly stronger impediment which 
swivel I exerts on the movement of the protective nylon 
tubing is the reason why we still use swivel II in some exper- 
iments. However, this impediment has so far not led to a 
detachment of the head pedestal in any of the seven animals 
on which we have used swivel I. The easy access to the 
proximal catheters has been of great value, especially for 
attempts of clot-lysis with urokinase in long (>2 m) small- 
diameter (<1 mm) catheters. The access to the lumen of the 
protective nylon tubing is used for removal of debris and for 
rinsing with disinfectant solutions during chronic experi- 
ments (>1 year). It should be possible to extend the principle 
of construction of swivel I to accomodate more than two 
flow-through canals. 
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CRESS, G. A. AND R. C. WILCOTT. Activity-stress induced pathology in the colon and rectum of the rat. PHYSIOL 
BEHAV. 28(1) 191-193, 1982.—The activity-stress procedure, which produces severe stomach ulcers, will also produce 
degeneration in the descending colon and rectum of the rat. In degenerated areas there was about 50-80 percent reduction 
in the thickness of the mucosa, and a marked depletion of mucus secreting globlet cells 


Colon Rectum Degeneration Activity-stress 


VARIOUS kinds of stress can induce stomach ulcers in the 
rat and other animals (e.g. [1, 4, 5]), and degeneration of 
small intestine [3]. Ulcerative lesions in the colon have been 
found in the rabbit following injestion of carrageenan, a food 
additive, [6] and colitis can occur spontaneously in the Boxer 
dog [2]. But stress induced pathology in the colon or rectum 
has apparently not been found in animals. In the rat, we have 
found that the activity-stress procedure, which produces se- 
vere stomach ulcers [4], will also produce degeneration in 
the colon and rectum. The following is a description of these 
observations. 


METHOD 


Animals 


Twenty four male Sprague-Dawley rats were used, rang- 
ing in weight from 175-225 g at the beginning of the experi- 
ment. 


Procedure 


Rats were tested in two groups. One group (N= 16) con- 
tained regular control rats, and a second group (N=8) con- 
tained food-yoked control rats. 

In the first group 8 rats were subjected to the activity- 
stress procedure [4]. Standard Wahmann activity cages were 
used which consisted of a running wheel with an adjoining 
rectangular cage separated by a sliding door. Rats were in- 
dividually housed in an activity cage with food and water 
constantly available for 4 days. On the Sth day food was 
removed and they were allowed access to food in the retan- 
gular cage for one hour a day until the end of the experiment. 
Number of wheel revolutions, amount of food consumed and 
body weight were recorded each day. For a particular rat, 
the experiment was terminated when, on the same day, there 
was a drop in food consumption, a drop in body weight, and 
a decrease in running activity. The rat was immediately sac- 
rificed with an overdose of Nembutal and the stomach and 
colon removed. 


Rat 


For the first group 8 control rats were individually housed 
in standard Wahmann living cages but otherwise treated in 
the same way as activity-stress rats. They were allowed ac- 
cess to food for one hour a day but no restriction was placed 
on the amount of food consumed. A control rat was sac- 
rificed and the stomach and colon removed at the same time 
as an activity-stress rat. Mean weight of activity-stress rats 
just before sacrificing was 150 g, while mean weight of con- 
trol rats was 183 g. 

In a second group 4 activity-stress rats were treated in the 
same way as the first group of activity-stress rats. But a 
control rat was matched for initial body weight with each 
activity-stress rat. During one hour a day feeding the amount 
of food consumed by each activity-stress rat was measured 
and this amount was given to the matched control rat the 
following day. When an activity-stress rat was sacrificed its 
control rat was sacrificed the next day. Mean weight of these 
activity-stress rats just before sacrificing was 139 g, and 
mean weight of these control rats was 161 g. 

When the stomach was removed it was cut along its 
greater curvature and rinsed with normal saline. The colon 
and rectum, including the anal ridge, were sectioned just 
below the caecum and removed in one segment. They were 
cut longitudinally and rinsed with saline. The diminsions of 
degenerated areas in the colon or rectum of all rats were 
measured to the nearest mm. All tissue was then placed in 
Formalin. 

After colon and rectum tissue had been in Formalin for 
5-7 days, parts of the tissue were embedded in paraffin and 
frozen sections, 5u, were prepared and stained with hem- 
toxylin and esoin. 


RESULTS 
Stomach 


Results for both groups were the same. All activity-stress 
rats displayed severe ulceration of the glandular segment of 
the stomach. Ulcers appeared to be essentially the same as 
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FIG. 1. Cross sections (> 
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Dit 


10) through the descending colon. The upper section is through the thinned part of the colon of an 


activity-stress rat and it is typical for these rats. The lower section is from the same part of the colon of a control rat. 


previously described with the activity-stress procedure [4]. 
For example, with the second group of activity stress 
rats (N=4) mean number ulcers was 17.8 (range was 
3-28), and mean length was 19.9 mm (range was 15.3-23.4). 
Stomachs of control rats never displayed evidence of ulcera- 
tion. 


Colon and Rectum 


Again, the same results were obtained for both groups. 
Thinning of the wall of the descending colon and rectum and 
marked reduction of the rugae, or mucosa folds, was clearly 
evident in all activity-stress rats. Thinned areas usually ex- 
tended from the descending colon into the rectum. They 
were roughly rectangular in shape with rather abrupt edges. 
Circular areas of thinning were never seen. Seven of the 8 
rats had one area of thinning and the greatest diminsions 
ranged from 8-12 mm in length and 3—4 mm in width. One rat 
had 2 smaller thinned areas whose total size was about the 
same as one thinned area in the majority of rats. Thinned 


tissue was less shiny than normal tissue, but there was no 
discoloration and no evidence of hemorrhaging. The ascend- 
ing and transverse parts of the colon of activity-stress rats 
appeared to be normal. 

The colon and rectum of control rats displayed no thin- 
ning and appeared to be entirely normal. 

There was also a reduction in the width of all parts of the 
colon and rectum of activity-stress rats. After being cut lon- 
gitudinally, the place of maximum width of the colon or 
rectum was measured for each rat. For activity-stress rats 
mean width was 6.0 mm, and for control rats it was 11.5 mm. 
The smaller width of the colon and rectum could have been 
atleast partly due to the reduced weight of activity-stress 
rats. The mean weight of activity-stress rats just before sac- 
rificing was 146.5 g, while mean weight of control rats was 
174.2 g. 

Microscopic examination of sections through thinned 
areas of the colon and rectum of activity-stress rats revealed 
about a 50-80 percent reduction in the thickness of the tis- 
sue, and almost a complete absence of rugae (Fig. 1). In 





ACTIVITY-STRESS INDUCED PATHOLOGY 


addition, there was a marked depletion of the mucus secret- 
ing globlet cells. Further, there was an increase in the 
number of lymphocytes and this suggested the presence of 
inflammation. 

Sections from descending colon or rectum of control rats 
revealed no evidence of abnormality (Fig. 1). 

Despite the degeneration of parts of the colon and rectum, 
fecal boluses of activity-stress rats were solid and normally 
formed, and did not appear different from those of control 
rats. 


DISCUSSION 


These results demonstrate that stress can produce pa- 
thology in the descending colon and rectum in the rat. De- 
spite the colonic degeneration, however, the apparently 
normal fecal boluses indicated that the mucosa, or inner 
layer, functioned normally in fluid absorption. This was 
probably due to the relatively small area of tissue degenera- 
tion. If it had been possible to maintain the rats in the 
activity-stress situation longer, more wide spread colonic pa- 


thology may have occured. The duration of the activity- 
stress procedure (5 to 8 days in this experiment) is of course 
limited by the occurrence of severe stomach ulcers. A problem 
for further research would be to investigate different stress 
situations to determine whether a stress procedure can be 
found that produces more severe pathology in the colon and 
rectum than in other parts of the gastrointestinal tract. 

The reason for the colonic degeneration in the activity- 
stress rats is unclear. An important factor in the thinning of 
the mucosa, however, could have been the depletion of 
mucus secreting globlet cells. The lack of lubrication could 
have rendered the mucosa susceptible to injury during the 
passage of fecal material, thus resulting in mucosal erosions. 
This of course raises the question of the reason for globlet 
cell depletion. But that is another problem for further re- 
search. 
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BELESLIN, D. B., R. SAMARDZIC AND S. K. KRSTIC. 8-Endorphin-induced psychomotor excitation in the cat. 
PHYSIOL. BEHAV. 28(1) 195-197, 1982.—The effect on behavior of synthetic human £-endorphin injected into the 
cerebral ventricles of the cat was investigated in these experiments. 8-endorphin produced psychomotor excitation (i.e., 
restlessness, apprehension, flight and locomotion), accompanied by pupillary dilatation and tremor. Between periods of 
locomotion, the cat sat moving its head from side to side with eyes wide open and mydriasis, or stood stiffly with a vacant 
stare, pupils dilated and eyes wide open. During this time the cat did not react to objects moving in front of it. Behavioral 
changes produced by a single dose of B-endorphin were dose-dependent and long-lasting. Pretreatment with intracerebro- 
ventricular nalorphine depressed or abolished the behavioral changes, mydriasis and tremor caused by 8-endorphin. It is 


concluded that B-endorphin acts on central opiate receptors promoting psychomotor excitation. 


8-Endorphin Nalorphine 


THE behavioral effects of endorphins have already been de- 
scribed in some animal species. For instance, in the rat 
B-endorphin produces lethargy, muscular rigidity and im- 
mobility similar to a catatonic state [2, 9, 10]. On the other 
hand, the behavioral effects of B-endorphin in the cat have 
scarcely been investigated [8]. Since in the cat, intracerebro- 
ventricular morphine is known to evoke a manic response [3, 
5, 6], the present experiments are an initial attempt to study 
in more detail the behavioral effects of the endogenous mor- 
phinomimetic brain peptide B-endorphin after its injection 
into the cerebral ventricles of unanesthetized cats. 


METHOD 


In these experiments cats of both sexes weighing 2.1 to 
3.6 kg were used. In order to inject substances into the cere- 
bral ventricles, a Collison cannula was implanted under 
aseptic condition into the left lateral ventricle under sodium 
pentobarbitone (35—40 mg/kg IP) anesthesia [7]. The cannula, 
with a side opening | mm from its closed tip, was positioned 
with lumen towards the formen of Monro. Post-mortem 
dye studies indicated that the injected material passed from 
the lateral ventricle into the third or fourth ventricle. Postop- 
eratively, penicillin was administered intramuscularly and an 
interval of 5 days elapsed before the cats were used for the 
experiments. 

The drugs injected into the cerebral ventricles were dis- 
solved in sterile 0.9% saline. The solutions were warmed to 
37°C and injected from a | ml syringe under aseptic condi- 
tions in a volume of 0.1 ml over a period of 20 to 30 sec and 
washed with 0.1 ml of 0.9% saline under the same conditions 
as the other substances. Thereafter, all tested animals were 


Intraventricular injections 


Cats Psychomotor excitation Opiate receptors 


observed for a period of 4 hours and intermittently for 24 
hours. In order to avoid tolerance, each cat was used only 
once in these experiments. 

The compounds used were: synthetic human B-endorphin 
and nalorphine hydrochloride. The doses of nalorphine refer 
to the salt and those of B-endorphin to the peptide. 


RESULTS 
B-Endorphin and Behavior 


B-Endorphin (0.03—0.4 mg) injected into the cerebral ven- 
tricles of unanesthetized cats evoked abnormal behavior 
(restlessness, apprehension, vacant staring, flight and 
locomotion) accompanied by autonomic (mydriasis) and 
motor (tremor) phenomena (Table 1). Behavioral changes 
produced by single doses of f-endorphin were dose- 
dependent and longlasting (Fig. 1A). 

The most impressive of the behavioral effects of intracer- 
ebroventricular B-endorphin was the psychomotor excita- 
tion, which followed a definite pattern. At first, the cat sat 
and abruptly moved its head from side to side with ears 
extended, pupils maximally dilated and eyes wide open. A 
few minutes later, such sideways movements led to locomo- 
tion. There were sometimes purposeless movements of the 
head and limbs, as well as attempts to circle. During this time 
the animals looked vacantly and did not react to objects 
moving in front of them. The cats ignored each other without 
trying to attack or bite. They were markedly restless and 
attempted to escape from the cage. From time to time, the 
agitation was so strong that the cat scratched the floor or 
jumped against the roof or side of the cage, often clinging to 
it. Sometimes the animal remained immobile in a nearly erect 
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TABLE 1 


GROSS BEHAVIORAL EFFECTS FOLLOWING INTRACEREBROVENTRICULAR 
INJECTIONS OF 8-ENDORPHIN AND 0.9% NaCl IN UNANESTHETIZED CATS 





Effects 


B-Endorphin 


0.3 ml 019% NaCl 





Emotional 
Restlessness 
Irritability 
Rage 
Threat 
Apprehension 
Attack 
Biting 
Fighting 
Flight 
Miaowing 
Looking around 
Vacant stare 
Locomotion 

Autonomic 
Mydriasis 
Salivation 
Piloerection 
Dyspnoea 
Defecation 
Micturation 
Vomiting 

Motor 
Scratching 
Circling 
Ataxia 
Tremor 
Rigidity 
Weakness with Adynamia 
Hypokinesia or akynesia 
Myoclonic jerks 
Clonic-tonic convulsions 





+=Symptom present. 
—=Symptom absent. 
+ =Symptom inconsistent. 


position for several minutes. However, the cat was not 
cataleptic, since when it was forced into a nearly erect posi- 
tion with its forepaws over the rungs of an inverted stool, it 
did not maintain the posture. After vigorous locomotion last- 
ing from one to several minutes, the cat would sit down 
suddenly or would stand stiffly with a vacant stare, pupils 
maximally dilated and eyes wide open. When the cat was 
sitting, it resumed its initial posture, moving its head from 
side to side with maximal mydriasis and eyes wide open. 
This pattern of psychomotor agitation alternated periods of 
locomotion with periods of sitting or standing that lasted for 
several hours (Fig. 1A). These periods occurred at irregular 
intervals. The cats resisted handling without aggression 
(rage, attack, bite) and they appeared normal the next day. 


Effect of Nalorphine on Behavior Caused by B-Endorphin 


Nalorphine (0.2-0.5 mg) injected into the cerebral ventri- 
cles 15 to 20 minutes before B-endorphin suppressed or 
abolished the behavioral effects as well as the mydriasis and 


the tremor caused by intracerebroventricular B-endorphin in 
doses of 0.2 mg. This is illustrated in Fig. 1B. 


DISCUSSION 


Intracerebrospinal fluid injection, a microinjection into 
the periaqueductal gray, or the intracerebroventricular ad- 
ministration of B-endorphin to rats, cause sedation, muscular 
rigidity and immobility similar to a cataleptic state [2, 9, 10]. 
It is interesting to note that the period of rigidity is preceded 
or followed by a state of hyperactivity [10]. On the 
other hand, there is little evidence so far as to the behavioral 
action of B-endorphin in other species. However, at least one 
previous short report shows that the C-fragment of lipotropin 
infused into the third ventricle of unanesthetized cats evokes 
striking behavioral effects, which can be observed when 
morphine is injected into the cerebral ventricles of cats [8]. 
In the present experiments, B-endorphin injected into the 
cerebral ventricles of unanesthetized cats caused restless- 
ness, apprehension, flight, vacant staring and locomotion 
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FIG. 1. Impelling locomotion (black columns), looking around (open 
columns) and mydriasis (hatched columns) caused by £-endorphin 
injected into the cerebral ventricles of unanesthetized cats (A). The 
prevention of these symptoms by nalorphine similarly injected (B). 
Ordinates: duration of impelling locomotion, looking around, and 
mydriasis in minutes. On abscissa in B the first columns represent 
the control values for impelling locomotion, looking around and 
mydriasis produced by intracerebroventricular B-endorphin (E). Be- 
tween the arrows, nalorphine (N) was injected into the cerebral 
ventricles of unanesthetized cats 15 to 20 minutes before 
B-endorphin (E). Each column represents the mean+SEM of four 
experiments. Each cat was used only once for the experiment. *Dif- 
ference from control value is significant at p<0.01. (Student f-test). 


accompanied by mydriasis and tremor. The present results, 
therefore, support the contention that alterations in the 
homeostatic regulation of endorphins could have etiological 
significance in mental illness [2, 4, 9, 12]. 
Intracerebroventricular morphine in the cat stimulates 
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agitation, apprehension and vigorous motor excitement, pre- 
ceded by vomiting and accompanied by pupillary dilatation 
and tremor [1, 3, 6]. In the present experiment, B-endorphin 
injected into the cerebral ventricles of unanesthetized cats 
evoked restlessness, apprehension, flight and locomotion 
accompanied by mydriasis and tremor. The spectrum of ac- 
tivity of intracerebroventricular morphine and intracerebro- 
ventricular B-endorphin is similar, but not identical. The 
difference is in the ability of morphine to stimulate vomiting. 
Naloxone, the specific receptor antagonist, injected into the 
cerebral ventricles, nullifies the emetic response to intracer- 
ebroventricular morphine in cats [11]. Our present results 
revealed that nalorphine, also a specific antagonist, when 
injected into the cerebral ventricles depressed or blocked the 
behavioral effects as well as mydriasis and tremor induced 
by intracerebroventricular B-endorphin. It appears, there- 
fore, that morphine as well as B-endorphin act as agonists on 
endogenous opiate receptors. Since there is evidence that 
two separate opiate peptide neuronal systems exist in the 
central nervous system [13], it is not surprising that the spec- 
trum of activity of morphine and 8-endorphin after their in- 
tracerebroventricular injection in the cat is not identical, but 
similar. 
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POSSIDENTE, B. AND J. P. HEGMANN. Gene differences modify Aschoff's rule in mice. PHYSIOL. BEHAV. 28(1) 
199-200, 1982.—Nocturnal animals typically display an increase in the free running period of circadian rhythms in response 
to light in direct proportion to intensity. Here we show that gene differences among inbred strains of mice (Mus musculus) 
modify the effect of constant bright light on the free running period of a circadian rhythm for wheel running activity. 
Individuals with the shortest free running periods in dim red light showed the greatest increases in period following 
exposure to bright light. These effects may be due to gene-imposed differences in the response of a circadian pacemaker to 
light, or they may be due to gene-imposed differences in visual system function that alter perception of light intensity 


Circadian rhythms Wheel running activity 


NOCTURNAL animals typically display an increase in the 
free running period of circadian rhythms in response to light 
in direct proportion to intensity, while diurnal animals tend 
to show a decrease [1]. This general phenomenon, known as 
‘‘Aschoff's Rule’’ varies in consistency among major 
taxonomic groups [2]. Both nocturnal and diurnal mammals 
for example, tend to lengthen their period in response to 
increased light intensity, but the magnitude of this response 
varies among species [2]. 

Here we compare differences between free running 
periods in constant bright light and constant dim red light 
among seven inbred strains of mice, and show that gene 
differences among them influence the effect of light on the 
circadian period of wheel running activity. 


METHOD 


All mice were born and raised in our lab under a 16:8 LD 
photoperiod. Approximately 4 mice from each of 7 inbred 
strains (A/J, AKR/J, BALB/CByJ, C3H/HeJ, C57BL/10Sn, 
C58/J and DBA/1J) were measured for wheel running activity 
in each of 2 replicate experiments. Wheel running cages in 
constant dim, red, unfiltered incandescant light were used to 
acclimate the mice for 4 days before activity was recorded. 
Cages were arranged on racks so that one member of each 
strain and each sex was included in each block. Constant 
bright fluorescent light ranged from 30-300 lux in intensity 
among blocks. Food and water were provided ad lib at all 
times, and temperature during measurements was 23+2°C. 


Mus musculus 


Aschoff's rule 


Mice in the first replicate averaged 169 days of age, and 
were measured for 7 consecutive days under red light, and 
without interruption, for 5 consecutive days under constant 
bright light. Mice in the second replicate averaged 189 days 
of age and were measured for 7 consecutive days under red 
light, allowed to acclimate to constant bright light for 17 
days, and were then measured for 7 consecutive days under 
bright light. 

Wheel revolution counts from electronic tally counters 
were recorded hourly, and discrete activity scores were con- 
verted to continuous curves using polynomial smoothing 
procedures described by Milne [4]. The time interval in 
which peak activity occurred was used as the phase refer- 
ence point for the rhythm, and mean peak to peak interval 
was used to estimate free running period for each mouse. A 
more detailed description of these procedures is available in 
Possidente and Hegmann [5]. Standard variance analysis 
procedures [6] were used to compare strain means. 


RESULTS AND DISCUSSION 


There were no main effects of sex or replicate on periods 
in bright light or dim red light, and no interaction of these 
factors with strain differences so results were combined 
across sex and replicate. 

The overall mean period in red light was 23.4+0.1 hrs, 
and significant variation among strain means was observed, 
F(6/38)=2.9, p<0.03 (Table 1). The mean period in constant 
bright light was 24.4+0.2 hrs, F(6/36)=1.7, p>0.25 (Table 1). 
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TABLE | 


STRAIN MEANS, +STANDARD ERRORS OF THE MEAN, FOR PERIODS IN 

CONSTANT RED LIGHT, CONSTANT BRIGHT LIGHT AND THE CHANGE IN 

PERIOD FOLLOWING EXPOSURE TO BRIGHT LIGHT. SAMPLE SIZES FOR 
EACH MEAN ARE SHOWN IN PARENTHESES. 





Strain Red Light (hr) Bright Light (hr) Change (hr) 





0.5 (6) 1.7 + 0.6 (6) 
0.3 (4) 1.6 + 0.6 (4) 


BALB 22.7 + 0.1 (7) 24.5 
A/J 22.9 + 0.4 (8) 25.2 
DBA 23.5 + 0.1 (8) 24.7 + 0.6 (7) 1.2 + 0.5 (7) 
AKR 23.6 + 0.3 (8) 25.4 + 0.4(8) 1.8 + 0.5 (8) 
C58 23.7 + 0.1 (8) 24.7 + 0.5 (5) 1.0 + 0.6 (5) 
C3H 23.7 + 0.1 (9) 24.3 + 0.4 (8) 0.5 + 0.4 (8) 
C57 23.9 + 0.3 (6) 23.4 + 0.3 (6) -0.5 + 0.5 (6) 





The mean change in period in response to bright light was 
1.0+0.2 hrs, with significant differences among strains in the 
response, F(6/36)=2.4, p<0.05 (Table 1). A_ negative 
phenotypic correlation was observed between period in dim 
red light and the change in period following exposure to 
bright light, r=—0.46, df=36, p<0.01. 

The inbred strain differences shown here demonstrate 
that the effect of bright light on free running period can be 
altered by gene differences among individuals in Mus. 
Changes in free running period in response to bright light can 
be understood in terms of phase response curve shape [3], 
and perception of light intensity [1]. Gene differences among 
these inbred strains influencing either factor could explain 
our results. The phenotypic association between period in 


dim red light and change in period in response to bright light 
results from both genetic and environmental sources of 
covariance, so gene differences influencing period in dim red 
light may be largely independent of those influencing the 


change in period following exposure to bright light. How- 
ever, the phenotypic association shown here between period 
and change in period in response to increased light intensity 
is similar to one found by Daan and Pittendrigh [3] in a com- 
parison of 4 nocturnal rodent species. 

Further analysis of inbred strain differences, for example 
measurement of strain-specific phase response curves, 
should be useful for identifying physiological and functional 
components of the Mus circadian system altered by gene 
differences among inbred strains, and for interpreting differ- 
ences among species in the response of circadian systems to 
changes in light intensity. 
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STEINER, M., R. J. KATZ AND B. J. CARROLL. Detailed analysis of estrous-related changes in wheel running and 
self-stimulation. PHYSIOL. BEHAV. 28(1) 201-204, 1982.—Previous studies have demonstrated that a number of behav 
iors change their probability of occurrence during the estrous cycle. Wheel running is known to show estrous-related 
changes while reports upon intracranial reinforcement (self-stimulation, ICS) have been equivocal. The present studies 
examined both behvaiors to further resolve the underlying behavioral determinants of these estrous effects. Data for wheel 
running and intracranial self-stimulation behaviors of adult female Holtzman rats were collected nightly on a minute by 
minute basis across the estrous cycle. It was found that: (a) both behaviors showed significant estrous-related changes in 
frequency; (b) the two behaviors occurred in discontinuous episodes (bursts) during the dark phase of the diurnal cycle; and 
(c) of three burst parameters (number/session, average length, rate of response), number proved the best predictor of 
estrous-related behavioral change. Burst number may reflect an important motivational parameter underlying estrous 


related changes in behavior. 


Wheel running (WR) 


MANY behaviors, when observed under steady state condi- 
tions (during periods of continuous free access) assume a 
non-random, episodic character. This tendency towards dis- 
crete organization appears to be prevalent particularly in 
motivated behaviors. Thus feeding and drinking [10], ex- 
ploratory behavior and wheel running [12,13], as well as self- 
stimulation [1,7], have all been shown to occur in bursts. 


Episodes may be characterised by measuring a number of 


parameters, including: (a) total number of bursts of activity 
per session (i.e., number); (b) the average length of each 
episode and (c) the response density, i.e., 
responses per unit time within the burst. 
Intracranial self-stimulation is resistant to satiation, and 
the capacity of stimuli to activate the positive reinforcement 
system seems to change as a function of change in the drive 
state [18]. Some data indicate that the performance of intact 
regularly cycling female rats in pressing a bar for electrical 
stimulation of the hypothalamus changes during the estrous 
cycle [11, 14, 16]. Others were unable to confirm such a 
positive relationship [2, 4, 9, 15]. In one experiment the hor- 
monal induction of estrous behavior in ovariectomized rats 
had no effect on septal self-stimulation [5]. We have recently 
shown that specific increases in wheel running and intracra- 
nial self-stimulation are estrous-related [17]. Other changes 
in behavior across the estrous cycle have also been well 
established [19]. The following experiment was aimed at de- 


Intracranial self-stimulation (ICS) 


the number of 


Estrous cycle 


termining whether the above behaviors also had similar 
episodic patterns of occurrence across the estrous cycle. 
Number, length, and density rate of response of wheel run- 
ning and self-stimulation episodes were examined for behav- 
ioral similarities and for their relationships with other pat- 
terns of behavioral change. The particular hypotheses tested 
were that both behaviors had similar intrinsic patterns, 
which would be reflected in a covariation of one or more 
burst parameters with total response level. 


METHOD 


For wheel running twenty experimentally naive, adult, 
female rats (Holtzman, WI), 245-275 grams body weight, 
were housed individually in 36 cm diameter activity wheels 
(Lafayette Instruments Comp., IN), under controlled condi- 
tions of temperature (21°C) and illumination (lights on from 
0545 to 1815 hours). Teklad 4% fat rodent diet and tap water 
were available ad lib. Estrous cycles were followed by daily 
vaginal smears. 


Procedure 

A Veeder recording counter was connected to each drum 
to count the revolutions of the wheels in either direction. 
Microswitches, attached to the hub registered the revolu- 
tions and data were stored on a teletype punch. Starting with 
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The Bursting Phenomenon in Wheel Running 


Across the Estrus Cycle (n=20) 


Response 


Total 





(mean + SE) 
Number of Bursts 








Revolutions / 24hrs 





| 
rn 


Proestrus | Diestrus-1 


FIG. |. Total and discrete behavioral changes in wheel running ac- 
tivity of female rats across the estrous cycle (n=20). Note that three 
weeks of initial experimental habituation preceded the measure- 
ments presented in this figure. 


the third week in the wheels (following an adjustment period) 
the data from one complete 4-day estrous cycle for each 
animal were analyzed. Through this cycle activity was re- 
corded during the dark period (1815 to 0545 hours) on a 
minute by minute basis (revolutions per minute). 

Three parameters were analyzed: (1) the number of dis- 
tinct bursts per night; (2) the average length of each burst in 
minutes; and (3) the density (i.e., running rate). The criteria 
for these were as follows: (1) the number of bursts was de- 
fined by the number of zero/non-zero transitions during one 
night; (2) the average length was defined as the total number 
of non-zero intervals (minutes) divided by the number of 
bursts per night; and (3) density (running rate) was calculated 
by the total number of responses per night divided by the 
total number of non-zero intervals (minutes). Individual 
nightly scores were combined for a group of analysis of the 
data using repeated measures analyses of variance and mul- 
tiple regression analysis [3]. Data are presented throughout 
as means and standard errors. 

For self-stimulation twelve experimentally naive, adult, 
female rats (Holtzman, WI), 240-280 grams body weight 
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The Bursting Phenomenon in SNC-ICS 


Across the Estrus Cycle (n= 12) 


« p<005 


Response 


Total 





#* p< 0.0001 
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Number of Bursts 
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Counts/ 24hrs (meansSF 





Diestrus-1| Diestrus-2| Proestrus | Estrus | Diestrus-1 
FIG. 2. Total and discrete behavioral changes in intracranial self- 
stimulation across the estrous cycle (n=12). Note that three weeks 
of recovery from surgery preceded the measurements presented in 


this figure. 


were housed under the same controlled conditions as de- 


scribed in the Wheel Running experiment. We have 
routinely used sample sizes of this magnitude in self- 
stimulation studies and found them to be adequate for the 
assessment of behavior (e.g., [7]). 
Surgery 

Animals were anesthetized with sodium pentobarbital 
(Nembutal, IP 50 mg/kg body weight) and stereotactically 
implanted with unipolar 0.25 mm diameter nichrome wire 
electrodes insulated to the tip. Electrodes were aimed at the 
pars compacta of the substantia nigra (SNC) using the coor- 
dinate system of K6nig and Klippel [8] (5.0 mm posterior to 
the bregma, 1.5 mm lateral to the midline, and 8.0 mm deep; 
top of the skull coordinates, zero line at bregma=A 7200). 
The electrodes were attached to a head-mounted brass 
brushing which was secured to the skull with stainless steel 
screws and acrylic dental cement. 


Apparatus 
Standard 25x 18x17 cm stainless steel cages were mod- 
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TABLE | 
NIGHTLY BURSTING PATTERN IN WHEEL RUNNING ACROSS THE ESTROUS CYCLE (N=20) 





D.-P 


ANOVA 
P-E E-D, p 





Response 4014 + 701.00 
Bursts : at tw 
Length A 7+ 0.80 
Density ; 20+ 1.80 


6237* + 879.00 3231 + 557.00 
3 1.70 23 + 1.40 
8*+ 0.90 6+ 0.75 
24* + 1.80 20 + 1.90 


<0.0001 
<0.0001 
<0.0001 
<0.0001 





Legend: D,=Diestrus-1; D,=Diestrus-2; P=Proestrus; E=Estrus. D,-D,, D.-P, etc., 


represents the night 


between the two corresponding days. Response =the total counts per night. Bursts=the number of distinct 


bursts per night. Length=the average length of each burst in minutes. Density 


the mean number of 


counts per minute within the bursts. *=the peak for the statistical significance. 


TABLE 2 


THE NIGHTLY BURSTING PATTERN IN INTRACRANIAL SELF-STIMULATION 
ACROSS THE ESTROUS CYCLE (N=12) 





D,-D, 


ANOVA 
P-E E-D, p 





Response 8145 + 1521.0 11405 + 
Bursts 23 + 3.0 25 + 
Length 5 0.6 6 

Density 61 + 6.5 70 + 


12937* + 2307.0 8050 + 1563.0 <0.05 
4.8 24 + 3.1 <0.0001 
0.5 4+ 0.3 N.S 
72 55 + 6.6 N.S 





Legend: Same as for Table 1. 


ified to allow chronic self-stimulation using the method of 


Wolf, DiCara, and Simpson [20]. The wire mesh floor served 
as a stimulation ground and a hinged mounted overhead 
14x 16cm stainless steel plate served as a manipulandum and 
contact for current delivery. Upwards displacement of the 
overhead panel allowed circuit completion and stimulation 
delivery through the brushing mounted on the animal’s head. 
Self-stimulation was continuously available 24 hours/day 
without external leads and consisted of 300 millisecond 
trains of monopolar 60 cycles-per-second sinusoidal current, 
45-110 wA in intensity. 


Procedure 


The implanted animals were placed in the modified cages 


and the current was turned on. After 34 days of initial ‘*shap- 
ing’’ sessions, the animals were allowed 2 additional weeks 
of ad lib self-stimulation in which rates stabilized. Starting 
with the third post-operative week, intracranial self- 
stimulation data were recorded for one complete 4-day cycle 
for each animal. Activity during the dark period was re- 
corded on a minute by minute basis (intracranial self- 
stimulation counts per minute). Monitoring and data analysis 
of bursts were done as in the Wheel Running experiment. 


RESULTS 


For wheel running all animals maintained highly regular 
4-day estrous cycles throughout the experiment. The nightly 
bursting pattern of wheel running for 20 animals across the 


cycle is summarized in Table | and in Fig. 1. As shown, all 
animals maintained a highly significant peak on ‘‘the night of 
behavioral estrus’’ (see Total Response on the night between 
the days of proestrus and estrus (P-E). In addition, all 3 
measures of the bursting phenomenon, i.e., the number of 
bursts, the average burst length and the density, were signif- 
icantly higher on that night. However, it is apparent from 
Fig. 1 that the increase in the total number of revolutions 
during the night of behavioral estrus is mostly due to the 
increase in the number of bursts. This was confirmed statis- 
tically using multivariate analysis. 

Multiple regression analysis for the contributions of the 
three parameters to the total variance of wheel running indi- 
cated B coefficients of 0.27, 0.31, and 0.67 for length, den- 
sity, and number of bursts respectively; thus standardized 
B-weights confirmed the trend which was present by visual 
inspection. 

For self-stimulation, all animals maintained highly regular 
4-day estrous cycles throughout the experiment. The nightly 
bursting pattern of intracranial self-stimulation with elec- 
trodes in the pars compacta of the substantia nigra for 12 
animals across the cycle is illustrated in Table 2 and in Figure 
2. The behavioral cyclicity in intracranial self-stimulation 
with its significant peak on P-E was prominent. The only 
bursting parameter which also maintained a highly signifi- 
cant peak on P-E was the number of bursts. The two other 
dimensions were not significantly different across the 4 
nights of the cycle. Thus the peak in intracranial self- 
stimulation on ‘‘the night of behavioral estrus” is totally ac- 
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counted for by the increase in the number of bursts on that 
night. Histology by the method of Hosko [6] confirmed that 
all electrode placements were within the intended nucleus, 
the pars compacta of the substantia nigra. (A more detailed 
graphic histology has been provided [17].) 


DISCUSSION 


A study of the various dimensions of the bursting phe- 
nomenon across the estrous cycle of the rat has not been 
previously documented. Since the concepts evolving around 
bursting are still hypothetical and speculative, the results 
obtained in these experiments are open for interpretations. 

If the outcome of the bursting analysis in wheel running 
and intracranial self-stimulation is looked at in view of our 
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results, one possible interpretation might be that both behav- 
iors have closely related underlying mechanisms: (a) Wheel 
running and intracranial self-stimulation follow a chronologi- 
cally similar pattern of behavioral cyclicity across the estr- 
ous cycle. (b) Both behaviors have a synchronized, statisti- 
cally significant increase and peak on ‘‘the night of behavioral 
estrus.’’ (c) The number of bursts per night is the parameter 
that best correlates with this specific increase in both behav- 
iors. 

Previous studies have indicated that both behaviors may 
serve as primary reinforcers. It has been hypothesized that 
an increase in the number of bursts reflects an increase in 
incentive. If this is true, then the incentive-priming model of 
reward appears to gain empirical support from bursting 
analysis. 
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ALBERS, H. E., R. LYDIC AND M. C. MOORE-EDE. Entrainment and masking of circadian drinking rhythms in 
primates: Influence of light intensity. PHYSIOL. BEHAV. 28(2) 205-211, 1982.—The entrained drinking rhythms of 
squirrel monkeys were studied during exposure to 24 hr illumination cycles of three different intensities (60:0; 66:6; 76:16 
lux). Increasing the intensity of ambient illumination significantly delayed the offset of drinking but had no effect on either 
the onset or the total amount of daily drinking behavior. Comparison of drinking behavior under an alternating schedule of 
LD 66:6 lux and constant light of 6 lux indicated that the twice daily light transitions consistently altered the temporal 
distribution of drinking behavior. The daily timing of squirrel monkey drinking behavior thus, depends not only on the 
mechanisms of circadian entrainment to the LD cycle, but also on the ability of the LD cycle to directly influence, or 


**mask’”’ behavior. 


Circadian rhythms Light intensity Drinking 


UNDER natural conditions the 24 hour light-dark (LD) cycle 
serves to synchronize or entrain the endogenous circadian 
(approximately 24 hours) rhythmicity of mammalian physi- 
ology and behavior. Specific physical and temporal charac- 
teristics of the natural illumination cycle, other than its 24 
hour period, are also biologically relevant. For example, the 
daily ratio of light to dark and the intensity of illumination 
during day and night, are important factors in determining 
the precise temporal patterning of many behavioral and 
physiological events within the 24 hour day [3,4]. While a 
systematic relationship between photoperiod length and the 
timing of the onset of daily behavior patterns such as loco- 
motor activity has been extensively documented [8], the ef- 
fects of illumination intensity on temporal organization have 
been predominantly studied only under conditions of con- 
stant illumination. 

The intensity of continuous illumination influences the 
periodicity of many behaviors and their daily duration. 
These effects of light which have been extensively studied in 
nocturnal species, and to a lesser degree in diurnal animals 
[12], are formally expressed in Aschoff’s rules [2]. The free- 
running period of circadian rhythms of nocturnal species 
generally becomes longer when light intensity is increased, 
while in diurnal animals increased light intensity shortens the 
period. An exception to this rule has been consistently ob- 
served in the behavior of diurnal primates where increasing 
intensities of constant light have been found to lengthen the 
period of several circadian rhythms [20,23]. 

Recent studies have indicated that light intensity can also 
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Locomotor activity 


Squirrel monkey 


influence the timing and duration of behavioral rhythms 
entrained to LD cycles in a manner which is predictable from 
the effects of light intensity on the free-running circadian 
period. For example, in avian species such as the finch 
where increases in light intensity shorten the free-running 
period, increases in the intensity of LD cycles advance the 
phase of daily locomotor behavior [17]. 

In the present study we examined the effects of the inten- 
sity of the 24 hour illumination cycle on the entrained drink- 
ing rhythms of diurnal squirrel monkeys. Since increases in 
the intensity of constant illumination lengthen the free- 
running period of circadian rhythms in the squirrel monkey, 
it was predicted that the entrained drinking rhythm would be 
phase delayed by increased levels of illumination provided in 
a LD cycle. 

The results of this study support this prediction, but also 
indicate that the LD cycle can have a masking effect on 
drinking behavior. Aschoff [3] used the term masking to de- 
scribe the influence of the LD cycle on the expression of 
behavior independently of its ability to entrain the circadian 
system. The present results demonstrate that these masking 
effects may facilitate (positively mask) or inhibit (negatively 
mask) specific temporal components of squirrel monkey be- 
havior. 


METHOD 


Adult male squirrel monkeys were housed individually in 
isolation chambers with free access to food (Teklad Diet TD 
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FIG. 1. Double-plotted drinking record of a squirrel monkey during exposure to three 24 hour light-dark cycles consisting of 6 hrs of bright 
light per day: LD 60:0, LD 66:6 and LD 76:16 lux. Lighting conditions are indicated in the right half of the figure with bright light provided 
between 1600-2200 (enclosed bracket) and constant darkness or dim light (i.e., 0, 6 or 16 lux) indicated in the right margin. 


76257) and water. Drinking was electrically recorded from 
each of three monkeys by the closure of a switch with each 
water bottle contact. Drinking was continuously recorded 
throughout the experiment on individual channels of both 
Esterline-Angus pen and digital event recorders. Lighting 
was manipulated with the use of two General Electric 7-watt 
light bulbs mounted in each chamber. One light was pro- 
grammed to produce a LD cycle of 6 hrs of light (approx- 
imately 60 lux), and 18 hrs of dark per day under all experi- 
mental conditions. The other light receptacle was operated 
through a rheostat and adjusted to continuously produce ap- 
proximately 0, 6, or 16 lux. Three illumination cycles of 60:0, 
66:6, and 76:16 lux were successively imposed by this 
method. Each of the three monkeys, which were allowed to 
entrain to LD 6:18 (60:6 lux) for 24 days prior to the begin- 
ning of the experiment, were then exposed to 60:0, 66:6 and 
76:16 lux for 9, 13 and 14 days, respectively. Activity data 
was obtained from one monkey during exposure to this light- 
ing protocol. 

The digitized drinking data were plotted in 30 min bins by 
a Complot plotter, with the number of pen strokes propor- 
tional to the amount of drinking. The onset and offset of 
drinking was determined from the individual plots of the 
drinking behavior for each monkey on every day of the ex- 


periment. To compare the timing of drinking behavior with 
that of the LD cycle the mean onset and offset of drinking 
behavior was expressed as a phase angle difference. The 
phase angle difference between the onset of light and the 
drinking rhythm was the time, in hours, between the onset of 
light and : (1) the onset of drinking, or (2) the offset of drink- 
ing. Statistical significance was determined by application of 
two-way analysis of variance to the raw data obtained from 
each of the monkeys. 


RESULTS 


Daily drinking-time was significantly lengthened (p<0.05) 
by exposure to increasing intensities of illumination (Fig. 1, 
Table 1). During the initial exposure to LD 6:18, drinking 
occurred for approximately 7.5 hours each day. When the 
intensity of the LD cycle was increased, by also providing 
constant dim illumination of 6 and subsequently 16 lux, daily 
drinking-time was lengthened to over 9 and 11 hrs, respec- 
tively. Despite these alterations in the distribution of drink- 
ing behavior in response to increased light intensity the total 
amount of drinking per 24 hrs was not significantly modified 
(p>0.05). 

The increased intensities of the daily illumination cycle 
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TABLE 1 


PHASE ANGLE DIFFERENCES (MEAN + S.E.M., N=3) IN HOURS BETWEEN THE LD CYCLE 
AND DRINKING RHYTHMS UNDER THREE INTENSITIES OF ILLUMINATION 





Days of 


LD 6:18 Exposure* 


Illumination 
Levels 
(Lux) 


Light Onset- 
Drinking Onset 


Phase Angle Differences 


Drinking-Time 
Rest-Time 


Light Onset- 
Drinking Offset 





60:0 9 


76:16 14 


—0.02 + 0.17 
66:6 13 +0.08 + 0.08 
—0.20 + 0.15 


-7.60 + 0.477 0.46 
—9.15 + 0.467 0.62 
—11.68 + 0.247 0.92 





*Mechanical failure resulted in the loss of 2 days of data from both 60:0 and 66:6 lux in one 


monkey. 
*p<0.085. 


had no significant effect on the timing of the onset of drinking 
(p >0.05), but significantly delayed its daily offset (»<0.05). 
In Table 1 these effects are described in terms of the phase 
relationships between the LD cycle (onset of bright light) and 
the daily onset or offset of drinking behavior. Under all il- 
lumination conditions, drinking was initiated at lights-on, re- 
sulting in a phase angle difference of approximately 0. How- 
ever, the phase angle difference between the onset of light 
and the offset of drinking became systematically more nega- 
tive with increasing light intensity. Comparable effects of 
increasing light intensity were also observed on the temporal 
distribution of the rest/activity cycle in one animal (Fig. 2). 

Examination of the mean percent of total drinking which 
occurred during each 30 min interval throughout the 24 hr 
day (Fig. 3) illustrates the generally bimodal pattern of drink- 
ing behavior. While maximum drinking occurs at light onset 
or shortly thereafter under each level of ambient illumina- 
tion, the secondary mode of drinking is delayed by increas- 
ing light intensities. The two daily light transitions (i.e., 
bright light to darkness or dim illumination (L/D) and dark- 
ness or dim illumination to bright illumination (D/L)) ap- 
peared to have a transient, yet major impact on the incidence 
of drinking behavior. A brief, but rapid increase in drinking 
behavior, which accounted for up to 17% of total drinking, 
was consistently associated with the onset of bright light 
(D/L transition), while drinking behavior transiently di- 
minshed immediately after the offset of bright light (L/D 
transition) (Fig. 3A,B,C). These observations suggest that in 
the squirrel monkey, like other species, the LD cycle may 
have two separate effects on the temporal organization of 
drinking behavior: (1) the entrainment of the circadian 
rhythmicity of drinking, and (2) a more direct effect, 
whereby light, dark or their respective transitions increase or 
decrease the incidence of drinking independently of the 
process of entrainment. 

To investigate these two different LD cycle effects the 
following experiment was conducted. To ensure stable 
entrainment animals were exposed to an illumination cycle 
of 66:6 lux for approximately 30 days, and then exposed to 
the 66:6 lux cycle only on alternate days. Six lux of illumina- 
tion was continuously provided on the other days. This pro- 
cedure allowed analysis of the direct or masking effects of 
the 6 hrs of brighter light by comparison of the drinking 
patterns obtained on days under 66:6 lux with those under 6 


lux alone. The mean percentage of total daily drinking behav- 
ior, occurring during each 30 min, are presented (Fig. 4) for 
days composed of 66:6 lux (A) and 6 lux (B). Providing alter- 
nate days of continuous 6 lux illumination did not alter the 
fundamental pattern of drinking entrainment under LD 6:18 
(66:6 lux) (Fig. 4A). As previously observed under continu- 
ous exposure to 66:6 lux, a large transient increase in drink- 
ing occurred following lights-on and a brief decrement in 
drinking was observed at lights-off (cf., Figs. 3B and 4A). 
The only apparent difference between the alternate and 
constant schedule of 66:6 lux was the slightly higher inci- 
dence of drinking behavior which occurred 5-8 hrs after the 
offset of the 6 hrs of brighter light. 

In contrast, elimination of the 6 hrs of brighter light on 
alternate days had a significant impact on the amount and 
temporal distribution of drinking behavior, even though the 
drinking rhythm remained entrained to the LD cycle (Fig. 5, 
cf. Figs. 4A and B). The amount of drinking behavior per day 
was significantly reduced (p<0.05), by 14%, on days com- 
posed of only continuous illumination (LL). The most dis- 
tinct difference in the temporal pattern of drinking between 
days of 66:6 lux and those of 6 lux was the absence of the 
large drinking bout which normally occurred immediately 
after lights-on (1600-1630) (Figs. 4B, 5). In LD 6:18 approx- 
imately 14% of total drinking behavior occurred during this 
30 min interval, while in LL 6 lux only slightly more than 1% 
of total drinking was observed at this time. Elimination of the 
daily 66 lux illumination slightly reduced the percentage of 
total drinking (1.2%+0.51; Mean+SEM) occurring during 
the remaining 5.5 hr (1630-2200) of the light phase. A tran- 
sient reduction of drinking occurred at the offset of bright 
light (2200-2230) in all LD 6:18 protocols (Figs. 3 and 4A). 
This decline in drinking behavior was also eliminated by re- 
moval of the 6 hr light phase (2200-2230, Fig. 4B). 


DISCUSSION 


This study demonstrates the potent influence of light on 
the temporal organization of drinking behavior in the squirrel 
monkey. Increasing the intensity of the LD cycle selectively 
delayed the offset of drinking without significantly altering 
either the amount or time of onset. Moreover, the phase 
delay in drinking offset, in response to a 16 lux increase in 
ambient illumination, had the net effect of lengthening the 
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FIG. 2. Double-plotted activity record of a squirrel monkey during exposure to three lighting conditions containing 6 hrs of bright light per 


day: LD 60:0, LD 66:6 and LD 76:16 lux. For other details see Fig. 1 


daily drinking bout from approximately 7.5 to 12 hrs (Fig. 1, 
Table 1). 

According to Aschoffs rules, the period of circadian 
rhythms should be shortened by increasing intensities of 
constant illumination in diurnal species [2]. In all diurnal 
primates so far studied however, the circadian period is 
lengthened by increased intensities of constant light [20,23]. 
The present data are consistent with the observations of a 
positive relationship between light intensity and period 
length since a phase delay in an entrained rhythm corre- 
sponds to a lengthening in the free-running circadian period 
[4,16]. Therefore the effects of increments in light intensity 
on the circadian timing system of the squirrel monkey appear 
to be qualitatively similar whether increments of illumina- 
tion are provided in conjunction with a LD cycle or constant 
illumination. 

Interpretation of the effect of light intensity on circadian 
rhythms entrained to LD cycles is more complex than when 
the rhythms are free-running under conditions of constant 
illumination. The free-running period of an overt rhythm 
provides a reliable estimate of the effects of light intensity on 
the underlying periodicity of the circadian system. Changes 
in the phase of an entrained rhythm which occur following 
manipulations of LD cycle intensity may be the result of light 
intensity dependent changes in the period of the circadian 


oscillator and/or a change in the efficacy or strength with 
which the LD cycle can entrain that oscillator. 

The LD cycle can alter the expression of an overt rhythm 
by another mechanism which appears to operate independ- 
ently of the effects of light on the endogenous circadian sys- 
tem. This effect of the LD cycle, classically termed **mask- 
ing’ and thought to represent a direct influence of environ- 
mental conditions on the overt rhythm [3], was observed in 
the present study. Under all illumination conditions the tim- 
ing of drinking onset remained the same and consisted of a 
large but transient increase in drinking immediately after the 
onset of bright light (D/L transition), despite a systematic 
delay in drinking offset as a function of increasing light inten- 
sity. This rapid increase of drinking behavior, which ac- 
counted for up to 17% of the days total drinking, resulted 
from a masking effect induced by the transition from dim 
light or darkness to brighter illumination (cf. Figs. 4A and B, 
5). Therefore, the transition from dark to light can have a 
potent stimulatory (or what might be termed a positive 
masking) effect on drinking behavior in this diurnal species. 
The present study also suggests that the other daily light 
transition, i.e., from light to darkness or dim illumination 
(L/D transition), can have a transient inhibitory effect on 
drinking behavior (a negative masking effect). In all illumi- 
nation cycles examined, incidence of drinking behavior was 
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FIG. 3. Percentage of total daily drinking behavior which occurred 
during each 30 min interval throughout the day (Mean + SEM, N=3). 
The intensity of the LD 6:18 cycle is indicated at the top of each 
panel and the number of days of exposure to each illumination con- 
dition is indicated in Table 1. 


% OF DAILY DRINKING BEHAVIOR / 30 min 
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FIG. 4. Percentage of total daily drinking behavior which occurred 
during each 30 min interval throughout the day (Mean + SEM, N =3). 
Illumination conditions were switched from LD 6:18 (A) to LL(B) 
on alternate days for a total of 12 days (see text for further details). 
Light intensity is indicated at the top of each panel. For purposes of 
comparison the dotted line in panel B indicates when the 6 hr light 
phase ended on previous and subsequent days. 


diminished during the 30 min interval immediately following 
the L/D transition, however no similiar decline in drinking 
behavior was observed on days when a constant 6 lux was 
provided (Fig. 4B). Thus, the daily transitions between both 
light and dark have the potential to facilitate (positive mask- 
ing) or inhibit (negative masking) the incidence of drinking 
behavior in the squirrel monkey. 

This masking phenomenon has also been observed in 
squirrel monkeys entrained to 24 hr LD cycles containing 21 
hrs of light per day. Under these conditions a transient drink- 
ing bout occurs in association with the daily D/L transition, 
however the major span of daily drinking is initiated several 
hours later and continues until the onset of darkness 
(Sulzman, ef a/., manuscript in preparation). In other spe- 
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FIG. 5. Change in the distribution of drinking between days consist- 
ing of 66:6 lux (LD) or 6 lux (LL). This distribution was obtained by 
subtracting the mean percent of drinking within each 30 min bin 
throughout the 24 hr day, obtained under 6 lux (Fig. 4B) from that 
obtained under 66:6 lux (Fig. 4A). 


cies, both diurnal and nocturnal, a direct inhibitory or 
facilitory effect of either the L/D or D/L transition on behav- 
ior has also been noted. In finches, locomotor activity levels 
are reduced near the end of the daily activity bout as the 
result of an apparently inhibitory effect of the daily transition 
from light to dark [17]. In nocturnal rodents, studies employ- 
ing LD cycles with periods far too short to entrain circadian 
rhythms (LD 1:1) have found that increased levels of drink- 
ing, feeding and particularly activity occur in association 
with the presentation of the hourly intervals of darkness [6]. 
Further, paradoxical sleep, which normally occurs during 
the light phase in the rat, can be induced simply by the pre- 
sentation of a light to dark transition [5,13]. Taken together, 
these data illustrate that despite the clear circadian organ- 
ization of these behaviors (drinking, activity, sleep) the 
transitions of L/D or D/L can have a transient, but potent 
influence. The extent and importance of the role played by 
these positive and negative masking effects in determining 
the temporal patterning of biological events in both nocturnal 
and diurnal species is worthy of further study, particularly 
with lighting intensities and transitions which more closely 
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mimic natural conditions. Nevertheless, existing data 
suggests that whether the D/L or L/D transition has a posi- 
tive or negative masking effect depends on whether the spe- 
cies is diurnal or noctural. 

The distinction between the masking and entraining ef- 
fects of LD cycles raises the question of whether these proc- 
esses are mediated by a common neural network. A pathway 
of major importance to the entrainment and generation of 
circadian rhythms has been delineated in several species. 
Autoradiographic techniques have indicated the existence of 
a monosynaptic pathway (the retino-hypothalamic tract; 
RHT) from retinal ganglion cells to the suprachiasmatic nu- 
clei (SCN) [11, 15, 22]. Studies which have disrupted this 
pathway by destroying the SCN have demonstrated that the 
RHT-SCN complex is essential for the normal entrainment 
and generation of several circadian rhythms including drink- 
ing and locomotor activity (see [18] for a review). Although it 
has not been possible to selectively destroy the RHT, the 
dominant role of this pathway in the entrainment of circadian 
rhythms has been demonstrated by the selective ablation of 
all other optic projections. When the primary and accessory 
optic tracts were transected beyond the chiasm, thus leaving 
the RHT intact, entrainment of the circadian rhythms of ad- 
renal corticosterone and pineal N-acetyltransferase re- 
mained intact [14]. Lesion studies in squirrel monkey also 
indicate the importance of the RHT-SCN in the circadian 
organization and entrainment of drinking behavior [1,9]. 
However, the role played by the RHT-SCN in mediating the 
positive and negative masking effects of the LD cycle is not 
presently understood. 

In the squirrel monkey destruction of the RHT-SCN does 
not eliminate the direct or masking effects of the LD cycle on 
drinking behavior. Distinct 24 hr patterns of drinking occur 
in SCN lesioned squirrel monkeys exposed to 24 hr LD cy- 
cles [1,9], despite the severe disruption of free-running drink- 
ing rhythms, suggesting that in the squirrel monkey other 
neural areas mediate this phenomenon. In other species the 
importance of the RHT-SCN in LD masking is less clear, 
since total or partial damage to the SCN, sufficient to 
eliminate free-running circadian rhythms, appears to elimi- 
nate masking in some cases [19], but not in others [7,24]. It is 
interesting to speculate that the neural mechanisms involved 
in masking may include the lateral geniculate nucleus 
(LGN), a structure which receives primary optic fibers [10] 
and has projections which terminate in the SCN [21]. Given 
its afferent and efferent projections the lateral geniculate 
could serve some integrative function in the masking proc- 
ess, and thereby have subtle effects on LD cycle entrain- 
ment. Such a view is consistent with data indicating that 
LGN destruction does not eliminate LD cycle entrainment, 
but does retard the rate at which circadian rhythms re- 
entrain, in response to LD cycle phase-shifts [24]. 
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NEVE, H.A., A.C. PAISLEY AND A. J.S. SUMMERLEE. Arousal a prerequisite for suckling in the conscious rabbit? 
PHYSIOL. BEHAV. 28(2) 213-217, 1982.—Electrocorticographic activity (ECoG) was recorded from the frontal cor- 
tex of unanaesthetized, lactating rabbits, and analysed in relation to the suckling behaviour of the animals. Suckling 
lasted 2-5 minutes each day and was always associated with a desynchronized ECoG. Milk ejection was never seen during 
slow wave sleep. Mild sedation of the doe caused a dose-dependent block of milk yield but did not affect her willingness to 
suckle and the ECoG was desynchronized during nursing. In contrast to the rat, but similar to the pig, sleep is not a 
prerequisite for reflex milk ejection in the rabbit. Evidence presented implies that ECoG arousal may be important for this 


reflex in the rabbit. 


Electrocorticogram Suckling Lactation 


DIFFERENT species of mammals show a variety of suck- 
ling patterns, yet in all species studied the sucking stimulus 
appears to culminate in a pulsatile release of oxytocin [7]. 
The central control of oxytocin release is thought to be simi- 
lar in all species but the mechanisms underlying the pulsatile 
release of hormone remain unknown. Sleep has been impli- 
cated as an essential component of reflex milk ejection in the 
rat [6,10] but this does not hold true for all species. For 
example, in the pig, sleep is not a prerequisite for reflex milk 
ejection [9]. 

We present data from the lactating rabbit, a species 
commonly used to study the neuroendocrine mechanisms of 
lactation, to show that ECoG-arousal is always observed 
during reflex milk ejection in the conscious rabbit. 


METHOD 


Animals 


Adult female rabbits of a Californian strain, weighing 
2.0-3.5 kg., were used in this study. A colony of animals was 
maintained in a free-range run under natural lighting condi- 
tions. Pelleted rabbit food and water were available at all 
times. The animals were provided with nesting boxes and 
4-5 days after parturition access to the boxes was restricted 
to once every 24 hours to establish a daily suckling routine. 


Recording Procedures 


Sterile surgical operations were carried out on rabbits, in 
mid-pregnancy, to implant ECoG-recording electrodes. The 
rabbits were anaesthetized with barbiturate (Sagatal: May & 
Baker, 60 mg-ml~') and four stainless steel studs (3 mm di- 
ameter) screwed into the skull; two recording studs overly- 
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Conscious rabbit 


ing the frontal cortex and two reference studs in the parietal 
bone. Each electrode was soldered to one way of a miniature 
electrical socket. The whole assembly was insulated with 
cold-curing acrylic. When the animals were recovered, elec- 
trical connection was made by means of a small plug pushed 
into the socket on the animal’s head. A flexible braid of thin 
wire was suspended above the cage to allow the animal free- 
dom of movement. Signals obtained were fed to a high-gain 
amplifier (time constant 0.3 sec, high frequency filter 30 Hz). 
A permanent visual record of ECoG activity was plotted ona 
Devices polygraph and the behaviour of the doe noted. 


ECoG Activity and Nursing Behaviour 

Each day ECoG activity was monitored in association 
with suckling. A presuckling record of at least 15 minutes 
was taken. The young were placed into the recording cage 
and the ECoG recorded for the duration of suckling. When 
the doe terminated suckling, the pups were removed, 
weighed and the milk yield determined. A further record of 
ECoG activity was taken in the post-suckling period. After 
the does had nursed their young, they were unwilling to 
suckle again that day. 


Artificial Manipulation of the ECoG 


Our preliminary studies of nursing behaviour and ECoG 
activity indicated that ECoG arousal was always seen in 
association with suckling. To further investigate this rela- 
tionship, ECoG activity was artificially controlled by admin- 
istration of one of two sedative agents (Diazepam: Valium- 
Roche 0.5-1 mg-kg™' and Xylazine: Rompun-Bayer 2-10 
mg-kg™') both known to cause synchronization of the ECoG. 
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FIG. 1. Electrocorticographic (ECoG) recordings from three conscious rabbits. (A) illustrates the difference between slow wave sleep 
(synchronized) with slow, large amplitude wave form and wakefulness (desynchronized). (B) shows two traces aligned at the onset of 
suckling. Irrespective of the state of ECoG during the presuckling period, the ECoG was always desynchronized during reflex milk ejection. 


Drugs were given by intramuscular injection 15 minutes be- 
fore suckling and the effect on ECoG and nursing behaviour 
observed. 


RESULTS 


ECoG activity was recorded from 9 female rabbits for 
periods lasting from 1-3 hr. A total of 74 nursing periods, 
each lasting 2-5 min have been analysed in terms of the 
ECoG activity and behaviour of the animal. 

Slow wave sleep (SWS) was characterised by a syn- 
chronized ECoG, with slow (<1 Hz) waves of high ampli- 
tude (>200 uw V) (Fig. 1A). Desynchronized sleep, defined as 
behavioural sleep (animal recumbent, eyes closed, ears back 
and the animal unresponsive to low level laboratory noise) 
with a desynchronized ECoG, was occasionally recorded. 
During wakefulness, when the animal was moving about the 
cage, feeding or drinking, a desynchronized ECoG was re- 
corded; low amplitude (<100 u~V) high frequency (4-9 Hz) 
(Fig. 1A). When a rabbit was lying quietly, a desynchronized 
ECoG was interrupted by bursts of large amplitude waves, 
corresponding to a stage of relaxation. The percentage of 
time spent in these three states during the control period 
(Fig. 3A) was as follows: sleep 22%+12 SD; wakefulness 
52%+14 SD; and relaxation 26%+14 SD. 

Behaviour of the lactating rabbits was stereotyped. The 
does approached the nest and nuzzled over their young. The 
young rabbits immediately started to search for a nipple. 
Suckling lasted for 2-5 min and could be divided into two 
distinct parts; at first the doe crouched motionless over her 
litter whilst the pups alternated between being motionless 
themselves or searching for a new nipple, this was followed 
1-2 min later by the doe grooming some of her pups whilst 


they continued to suck. During the presuckling period ECoG 
activity showed less SWS compared with other states (Fig. 
3B). The does often ‘‘anticipated”’ the arrival of their pups 
by leaning out of the recording cage. As it has been demon- 
strated, in ruminants at least, that oxytocin can be released 
by conditioning stimuli [1] a slightly different procedure was 
adopted on each successive day of recording. The young 
rabbits were introduced to the recording cage when the doe 
was either asleep, relaxed or awake. 

From the onset of nursing and for its duration, a desyn- 
chronized ECoG corresponding to a state of wakefulness 
(Fig. 1B) was recorded. No systematic alteration in ECoG 
before nursing could be identified. After the doe terminated 
nursing the ECoG activity started to show bursts of high 
amplitude spindles when the doe was lying down, and there 
was an increase in the period of SWS compared with the 
presuckling and suckling periods (Fig. 3A and B). 


Control Procedures 


Desynchronization of the ECoG in association with suck- 
ling might be a parallel phenomenon and not a perequisite for 
reflex milk ejection in the rabbit. To control for this effect 
the following questions were proposed: 

(a) Was desynchronization of ECoG due to the sight of 
her offspring? Recordings were taken from does which were 
separated from their litters by a transparent screen. Initially 
the doe tried to gain access to her litter and such behaviour 
was associated with ECoG arousal. After 20-60 sec the doe 
resumed normal behaviour and the ECoG started to show 
high amplitude waveforms (Fig. 2A). 

(b) Was a desynchronous ECoG due to the presence of 
the offspring? Physical presence of the offspring might have 
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FIG. 2. ECoG recordings from two conscious rabbits to show that neither sight (A) nor physical presence (B) of the young caused prolonged 
ECoG arousal. For trace A, the doe was afforded sight of her young behind a perspex screen. Immediately after a doe had fed her litter, a 
second hungry litter of young was added to the cage (B). After a short period the doe jumped out of the recording cage (Q ). In both cases the 
ECoG showed large amplitude spindles which can be compared with arousal of ECoG activity seen for the duration of suckling (Figs. 1 and 3). 


been responsible for ECoG arousal. A lactating doe was 
either left with her own litter after suckling or given a second 
litter of hungry pups to feed. After suckling the does showed 
either aggressive or avoidance behaviour towards their own 
litter. Similar behaviour was adopted for the second litter. 
Avoidance or aggressive behaviour was briefly associated 
with ECoG arousal but in neither case did the ECoG remain 
desynchronized (Fig. 2B). 

These controls were repeated by exposing a non-lactating 
rabbit to litters of young. The behavioural response of these 
animals was much less marked compared with the responses 
of the lactating does as described above. 


Manipulation of ECoG and Nursing Behaviour 


Three to four minutes after the administration of either 
sedative agent there was a marked and sustained rise in the 
length of time that the ECoG was synchronized. For exam- 
ple, after the administration of Xylazine (5 mg-kg™') there 
was a five-fold increase in the percentage time that the ECoG 
was synchronized (Fig. 3C) that lasted for >2 hours. A simi- 
lar result was obtained after Diazepam treatment. There was 
a dose related block of milk yield seen with both drugs, and 
at low doses the doe was willing to nurse her litter for the 
standard 2-5 minutes during which time the ECoG became 
aroused. At higher doses the ECoG was briefly desyn- 
chronized but quickly reversed to a synchronized wave form 
although the young rabbits were still attached to the nipples 
(Fig. 3D). In cases where the milk let-down had been com- 
pletely or partially blocked, the does suckled their young for 
a second time, when the sedative began to wear off (Fig. 3D). 


DISCUSSION 


Reflex milk ejection in the unanaesthetized rabbit is al- 


ways associated with desynchronized ECoG activity. This is 
similar to the pig [9] but in contrast to the rat [6] where 
synchronization of the ECoG is a prerequisite for reflex milk 
ejection. Is arousal an essential or simply a parallel phenom- 
enon of the reflex release of oxytocin in the rabbit? There are 
several reports in the literature suggesting that anaesthesia 
inhibits the milk-ejection reflex of the rabbit [2,4]. Our re- 
sults might explain this inhibition because anaesthetic 
agents, in general, induce continuous slow-wave activity of 
the ECoG which does not seem to be compatible with the 
release of oxytocin in the rabbit. 

As slow-wave activity does not appear to be compatible 
with milk ejection in the rabbit we explored the possibility 
that a continuously synchronized ECoG would be inhibitory 
to the suckling-induced reflex. Sedative agents, Diazepam 
and Xylazine, known to promote ECoG synchrony, but not 
adversely affect the release of oxytocin in the rat (manu- 
script in preparation) were used to test this hypothesis. 
There was a dose-related reduction in the milk received by 
the pups. Desynchronization of the ECoG still occurred at 
lower doses, but when the ECoG showed large amplitude 
spindles milk yield was reduced. 

The evidence implies that a continuously desynchronized 
ECoG is a necessary component for reflex milk ejection in 
the conscious rabbit. Perhaps this relationship is of evolu- 
tionary significance. It is already considered to be important 
that the doe controls the frequency with which she returns to 
the nest in the wild to feed her young to avoid predators [11]; 
and it would be surprising if it was necessary for her to fall 
asleep before she could successfully suckle her offspring. 
Despite the obvious conclusion from behavioural studies 
during nursing that the animal appears to be drowsy or that 
the sucking stimulus is soporific [8], this is not borne out by 
the ECoG recordings. 
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FIG. 3. Graphic illustration of ECoG changes associated with nursing behaviour in conscious rabbits (n=5) and the effects of manipulation of 
ECoG activity (n=5). The data were analyzed for 3 minute epochs and the results expressed as the percentage time animals were in slow wave 
sleep, (MB), awake (V7) or awake and relaxed (1D). Effect of suckling (S) on ECoG activity (B) can be compared with control period (A). Only 
desynchronized activity is seen during suckling. Xylazine treatment (5 mg-kg~' IM) caused a marked increase in ECoG synchrony (C and D). 
If any slow-wave activity was recorded during suckling (S,) then milk yield was reduced compared with a second suckling period (S,). 


Effective dissociation of nursing behaviour and milk 
ejection, as seen following sedation, has been reported in 
other experimental situations, and it has been claimed that 
the willingness to nurse is virtually independent of mammary 
distention. For example, if the engorged glands are emptied 
of milk during a brief period of anaesthesia [3] or the readily 
releasable stores of oxytocin are exhausted by electrical 
stimulation of the neural stalk [5], does will display the nor- 
mal nursing behaviour despite being unable to give their 


young any milk. From our observations it would appear that 
the maternal desire to nurse her young is in some way related 
to the degree of distention of the mammary tissue. A par- 
tially sedated doe, who was only able to release a small 
proportion of her daily quota of milk to her litter at the first 
suckling period, was willing to suckle her young on a subse- 
quent occasion when the effect of the sedative was wearing 
off. 
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ROWE, E. A. AND B. J. ROLLS. Effects of environmental temperature on dietary obesity and growth in rats. PHYSIOL 
BEHAV. 28(2) 219-226, 1982.—We have investigated how differences in environmental temperature interact with diet- 
content and palatability to affect body weight and energy intake. Adult male hooded Lister rats kept at 18°C or 25°C became 
obese after over-consumption of palatable, high energy foods. The difference in body weight between the obese rats kept at 
18°C and their chow-fed control group was in part attributable to reductions in the growth of the controls kept at 18°C. 
The obese rats at 18°C had greater body weight gains relative to chow-fed controls than equivalent groups at 25°C. All 
groups at 18°C had greater energy intakes than equivalent groups at 25°C. Withdrawal of high energy foods led to greater 
weight loss in rats which had been eating a diet which was varied every day than in rats which had been eating three 
constantly available high energy foods. Weight losses after diet withdrawal were also greater in obese groups kept at 18°C 
than in those kept at 25°C. Carcass fat determinations demonstrated that the varied diet-withdrawn rats kept at 18°C did not 
have persistently elevated body fat stores, but the other diet-withdrawn groups were persistently obese. Therefore lower 
environmental temperature, and enhanced diet-palatability interact additively to increase energy intakes during cafeteria 


feeding, and to increase weight losses after withdrawal of palatable foods. 


Adipose tissue Dietary obesity Feeding 


RATS respond to changes in ambient temperature by mak- 
ing compensatory adjustments of energy intake [7]. At high 
temperatures (e.g., 40°C) rats stop feeding, and if forced to 
overeat by intubation, suffer heat stress and may die. At low 
temperatures free-feeding rats are hyperphagic, and if given 
a fixed food ration, they show a reduction in the rate of body 
weight gain [2]. Rats kept in a cold environment expend con- 
siderable amounts of energy in thermoregulation, especially 
by non-shivering thermogenesis through brown adipose tis- 
sue [6]. The effect of cold on food intake could be explained 
as a response to a greater depletion of available energy fuels 
through thermogenesis. However ambient temperature af- 
fects feeding in rats even when the loss of energy substrates 
is of minor significance, since warm-housed rats exposed to 
cold while feeding have increased intakes, but cold-housed 
rats exposed to warmth while feeding do not [25]. 

The precision of adjustment of intake in the compensation 
for cold is not well understood, and errors are likely to ac- 
cumulate over long periods. For example it is not known if, 
through raising the levels of energy fuels, over-consumption of 
palatable high energy foods reduces the compensatory increase 
in food intake in the cold, or alternatively if the increments in 
intake due to the enhanced palatability of the diet add to the 
increments in intake due to the metabolic effects of cold expo- 
sure. In the former situation cold would reduce the degree of 
obesity developed under the influence of palatable, high energy 
foods. In the latter case, no reduction in the development of 
obesity would be predicted. In a preliminary study we have 
found that rats eating such palatable foods develop greater 
weight differences relative to controls when housed at 21°C 


Growth 


Thermogenesis 


than rats housed at 27°C [18]. In this study the effects of 
over-consumption of palatable foods on the development of 
obesity were determined at warm and moderately cold tem- 
peratures by measuring energy intakes and by determining 
growth and carcass composition. 

The regulation of food intake and energy balance was 
studied further in cold-housed obese animals by determining 
the response to the challenge of withdrawing the high energy 
foods. We have found that sedentary warm-housed rats re- 
main obese after their palatable foods have been withdrawn 
[17, 18, 19, 20]. Other studies have shown a substantial loss 
of weight [23,24] but the critical factors which determine the 
pattern of weight change remain to be determined. 

The dietary contrast caused by removing the high energy 
diet, and the opportunity for high levels of energy expendi- 
ture in a cold environment may be important factors affect- 
ing the persistence of obesity through changes in energy in- 
take and energy expenditure. Therefore the effects of am- 
bient temperature, and some sensory properties of the 
obesity-inducing diet (i.e., changing variety vs familiar 
cafeteria foods) on the development, and the persistence of 
obesity in sedentary male rats were investigated in this 
study. 


METHOD 


Subjects 


Sixty-four male hooded Lister rats, 10-12 weeks of age 
were matched for body weight and allocated initially to two 
groups; either housed at 25°C (n=32, 278-333 g) or housed at 
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18°C (n=32, 263-332 g). After six days the rats were matched 
for body weight within these groups and in each group were 
allocated to three sub-groups, which were given a varied diet 
(at 25°C, n=11, 294-352 g; at 18°C, n=11, 278-347 g), a 
cafeteria diet (at 25°C, n=11, 286-352 g; at 18°C, n=10, 
282-342 g) or chow (at 25°C, n=10, 298-342 g; at 18°C, n=11, 
292-342 g). 


Procedure 

The rats were individually housed in small metal cages 
(34x 15x 13.5 cm) in conditions of controlled lighting (12 hr 
light: 12 hr dark). The temperatures of two rooms in which 
the rats were housed were controlled at 25+1°C and 18+1°C 
respectively. All animals received free access to water and 
chow throughout the experiment. Groups of animals were 
subject to successive periods of dietary manipulation. For 
the six days after the rats were housed in either of the two 
temperatures all rats received pelleted laboratory chow (Dix- 
ons FFG(M)) which is a solid composite diet, energy value 
15.1 kJ/g with a relatively high carbohydrate (51.4%) and 
protein content (15.8%) and a low fat content (2%), percent- 
ages by weight from manufacturers’ values). Then the con- 
trol groups at each temperature continued to receive chow; 
the cafeteria diet-fed groups received three high energy 
supermarket foods and chow for thirteen weeks, and the 
varied cafeteria diet-fed groups received the cafeteria diet 
and chow and also an additional high energy food which 
differed on successive days for thirteen weeks. The cafeteria 
diet consisted of plain, salted potato chips (Golden Wonder; 
energy value 23.4 kJ/g, protein content 5.9%, carbohydrate 
content 50.0%, fat content 38.0%); cheese crackers (Craw- 
ford’s Cheddars; energy value 22.6 kJ/g, protein content 
10.9%, carbohydrate content 50.6%, fat content 32.6%), and 
choclolate chip cookies (Lyon’s Maryland cookies, energy 
value 20.3 kJ/g, protein content 4.8%, carbohydrate content 
63.6%, fat content 25.2%, all percentages by weight from 
manufacturers’ values). The additional foods used in the var- 
ied diet included cream-filled cookies (chocolate-flavored 
Bourbon cookies), raspberry-flavored creams, custard 
(vanilla-flavored) creams, chocolate wafer cookies (Kit- 
Kat), shortbread, marshmallow (Wafer Delight), cooking 
chocolate, cheese-flavored chips (Cheesy Wotsits, Golden 
Wonder), bacon-flavored chips (Racheros, Golden Wonder), 
and cakes. 

After 13 weeks the palatable diets were withdrawn and 
the experimental and control groups continued to receive 
free access to chow. The experiment was terminated 13 
weeks later. Body weights were recorded regularly through- 
out the experiment. Growth was estimated at the beginning 
and end of the 13 week ‘fattening’ period, and at the end of 
the experiment by measurements of skeletal size. Rats were 
lightly anesthetized with ether and naso-anal lengths were 
measured on a Calibrated platform [10]. Abdominal girths 
were measured circumferentially at the widest place. 


Food Intake Measurements 


Determinations were made two weeks, four weeks, six 
weeks, nine weeks and twelve weeks after the experimental 
diets were introduced. Then energy intakes over 24 hr were 
determined by measuring the amount eaten of each individ- 
ual food, subtracting the dried spillage of each, and multiply- 
ing by the energy value of each food, which was obtained 
from manufacturers’ values. Then intakes of chow were 
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measured over the first 24 hours, and then over 24 hours at 
weekly intervals after the experimental diets were with- 
drawn until the end of the experiment. Nutrient intakes were 
determined by calculating the amounts of nutrient eaten in 
each food and by converting to energy values by multiplying 
by the energy densities of the nutrients (protein 17 kJ/g; 
carbohydrate 16 kJ/g; fat 37 kJ/g). These calculations were 
not made for the varied diet because of the uncertain and 
variable composition of some of the foods used, and because 
estimates on the sampling days would be unlikely to be 
representative of the entire fattening period for the varied 
diet-fed rats. 


Estimation of Body Composition and Body Fat Distribution 


The weights of the five major discrete pads of white 
adipose tissue (interscapular, abdominal subcutaneous, 
epididymal, retroperitoneal-perirenal, and mesenteric) were 
determined in the freshly killed carcasses at the end of the 
experiment, and the alimentary system(stomach to rectum) 
was discarded. Then body composition was determined. The 
water content of the carcasses was determined by oven- 
drying at 95°C for 6-8 days until constant weight was 
reached. Then the fat content was determined by successive 
extractions with petroleum ether at room temperature until 
constant weight was reached [8]. 


Statistical Analysis 


Weekly measurements of body weight were analyzed by 
an analysis of variance with dietary condition (varied, 
cafeteria, chow), housing temperature, and time as factors, 
separate analyses being conducted for the ‘‘fattening”’ 
period and after withdrawal of the high energy foods. Rates 
of weight gain were examined by extraction of linear 
polynominals. Energy intakes were similarly analyzed. 

Measurements of body size and body composition were 
analyzed by a two-factor analysis of variance (dietary condi- 
tion X temperature). Fat pad weights were analyzed by an 
analysis of variance with fat pad site, dietary condition, and 
housing temperature as factors. Single comparisons of body 
fat percentages and body fat/lean tissue ratios between each 
of the two experimental groups and the control groups at 
each temperature were made using the Student’s f-test (two- 
tailed). 


RESULTS 
The Development of Obesity 


Body weights. The mean body weights (+S.E.M.) are 
shown weekly (weeks 0-13) in Fig. | for the rats housed at 
25°C and 18°C in the two experimental groups (cafeteria and 
varied diets) and the control groups (chow diet). 

The experimental groups which received high energy 
foods gained weight at a greater rate than the control rats 
(F(2,267)=404.5, p<0.001, and after the 13-week fattening 
period they had significantly greater body weights than their 
respective control groups at the same housing temperature 
(varied vs control, at 25°C, 7(19)=5.4, p<0.01, and at 18°C, 
1(20)=10.6, p<0.001; cafeteria vs control at 25°C, 1(19)=5.2, 
p<0.01, and at 18°C, 1(19)=8.1, p<0.001). 

The rats housed at 18°C had lower rates of weight gain 
than the rats housed at 25°C, F(2,267)=217.8, p<0.001, but 
there was a greater difference in the rates of weight gain 
between the control rats at the two temperatures than be- 
tween the rats eating the high energy foods (interaction be- 
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FIG. 1. The mean body weights of rats before the experimental diets 
were introduced, while the experimental diets were offered, and 
after withdrawal of the experimental diets for the rats kept at 25°C 
which were offered the cafeteria diet (N= 11), the varied diet (N=11), 
and for the controls (N= 10), and for the rats kept at 18°C offered the 
cafeteria diet (N=10), the varied diet (N=11), and for the controls 
(N=11). Bars indicate S.E.M. 


tween diet and temperature, F(2,267)=33.2, p<0.001). Thus 
the body weights of varied diet-fed rats at the two tempera- 
tures were similiar at the end of the fattening period, 
1(20)=1.3, NS) and the rats given the cafeteria diet became 
only slightly, although significantly, heavier at 25°C than 
those kept at 18°C, 7(19)=3.5, p<0.01. In contrast the control 
rats housed at 25°C were very significantly heavier than 
those kept at 18°C after thirteen weeks, #(19)=6.2, p<0.001. 

It is also notable that at 25°C the varied and cafeteria 
diet-fed groups had similar rates of weight gain but at 18°C 
the varied diet-fed group had a greater rate of weight gain 
than the cafeteria diet-fed group. 

Food intakes. The groups receiving high energy foods 
during the fattening period ingested significantly more en- 
ergy than their respective chow-fed control groups housed at 
the same temperature (Fig. 2), F(2,59)=37.1, p<0.001; at 
25°C control group compared with either varied diet-fed 
1(19)=4.1, or cafeteria diet-fed 7(19)=4.8; at 18°C control 
group compared with either varied diet-fed 1(20)=6.3, or 
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FIG. 2. The mean daily energy intakes (+S.E.M.) of the rats, aver 
aged over five sample days while the experimental diets were of- 
fered. The groups are as in Fig. | 
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FIG. 3. The mean daily food intakes (+S.E.M.) of the rats, averaged 
over five sample days while the experimental diets were offered 


The groups are as in Fig. 1. 


cafeteria diet-fed 1(19)=5.6, p<0.001 for all comparisons. 
This reflected a preference for the high energy foods relative 
to chow, as the quantity in grams of food eaten was similar in 
the experimental and control groups within each temperature 
(Fig. 3). 

The rats housed at 18°C ingested significantly more en- 
ergy than the rats in equivalent dietary treatment groups 
housed at 25°C, F(1,59)=95.9, p<0.001, with a similar in- 
crease in energy intakes shown by all the groups at 18°C 
compared with the groups kept at 25°C (interaction between 
diet and temperature, F(2,59)=1.2, NS, percentage incre- 
ments: varied diet 23.4%, cafeteria diet 19.9%, control 
19.8%). This reflected an increase in the amount of food eaten 
at 18°C, and in the experimental groups reflected significant 
increases in both chow and the high energy components of 
the diet (for the cafeteria diet: chow, 1(19)=2.4, p<0.05; high 
energy foods, #(19)=2.3, p<0.05; for the varied diet: chow, 
1(20)=2.6, p<0.05, the additional varying high energy food, 
1(20)=4.9, p<0.001, but for the other high energy foods, 





1(20)=0.08, NS. In the rats fed on the cafeteria diets at 18°C 
compared with cafeteria diet-fed rats kept at 25°C this re- 
sulted in increases in the intake of protein (Table 3), 
1(19)=3.2, p<0.01, carbohydrate, 1(19)=4.0, p<0.001 and fat 
1(19)=1.8, p<0.1, NS. Also there was a greater difference in 
fat intakes between the cafeteria diet-fed and control rats at 
18°C (cafeteria diet, 230+13 kJ, control, 22+0.5 kJ) than at 
25°C (cafeteria diet, 202+9 kJ, control, 18+0.5 kJ). 

Body measurements. The naso-anal lengths and the girths 
at the end of the ‘‘fattening’’ period are shown in Table |. 
There were no differences in the naso-anal lengths or girths 
of the six groups before the experimental diets were intro- 
duced, but after 13 weeks the naso-anal lengths and girths of 
the control rats housed at 18°C were significantly smaller 
than those of the control rats housed at 25°C and the rats fed 
the experimental diets at both temperatures (p<0.01). Both 
experimental groups at 25°C had significantly greater girths 
than the control rats (p<0.001) although the naso-anal 
lengths were similar. There were no significant differences in 
the naso-anal lenghts or girths of the rats fed the experi- 
mental diets at the two temperatures. 


Withdrawal of the Experimental Diets 


Body weights. The mean body weights (+S.E.M.) are 
shown weekly (weeks 13-26) for the experimental groups 
(cafeteria and varied diets) and the control groups (chow 
diet) housed at 25°C and 18°C (Fig. 1). 

Withdrawal of the varied diet led to weight loss at both 
temperatures (weight loss after two weeks: at 25°C, 10.5+2.4 
g, at 18°C, 19.5+2.9 g); withdrawal of the cafeteria diet led to 
loss of weight only in rats housed at 18°C (weight loss 
after two weeks at 25°C, 2.0+3.0 g; at 18°C, 10.5+2.7 g). The 
initial rate of weight loss was greater in the rats housed at 
18°C than in those at 25°C over the first week after diet 
withdrawal, F(1,394)=15.7, p<0.01, and was greater in the 
varied diet-withdrawn group, F(2,394)= 9, p<0.001. 
After two weeks the body weights of the experimental 
groups stabilized and subsequently increased at the same 
rate as the respective control groups, and significantly ele- 
vated body weights were maintained until the end of the 
experiment, thirteen weeks after withdrawal of the experi- 
mental diets (at 25°C varied vs control, #(19)=2.1; cafeteria 
vs control, 1(19)=2.5, p<0.05 in each case; at 18°C varied vs 
control, 7(20)=4.1, p<0.001; cafeteria vs control, 1(19)=3.3, 
p<0.01. 

Food intakes. The intake of food by the experimental 
groups was significantly less than that of their respective 
control groups immediatley after the experimental diets were 
withdrawn. The varied diet-withdrawn group showed greater 
deviations (reductions) from the respective control intakes 
than the cafeteria diet-withdrawn group. (Deviation from 
controls, at 25°C varied: 125 kJ, 1#(19)=5.0, p<0.001; 
cafeteria: 77 kJ, #(19)=3.1, p<0.001; at 18°C varied: 122 kJ, 
1(20)=5.1, p<0.001, cafeteria: 56 kJ, #(19)=2.4, p<0.05; 
comparison of varied and cafeteria, 1(19)=2.6, p<0.01. In- 
takes were significantly greater in all the groups of rats 
housed at 18°C than in the same dietary treatment groups 
housed at 25°C immediately (one day) after the experimental 
diets were withdrawn (varied at 18°C: 322+18 kJ, at 25°C, 
256+ 15 kJ, 1(20)=2.7, p<0.01; cafeteria at 18°C, 388+ 19 kJ, 
at 25°C, 302+13 kJ, 1(19)=3.5, p<0.01; control: at 18°C, 
444+ 12 kJ, at 25°C, 380+ 18 kJ, 1(19)=2.6, p<0.01). The en- 
ergy intakes expressed as a percentage of the control group 
intakes were greater in the experimental rats at 18°C than 
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those kept at 25°C (varied diet: at 18°C, 72.4%, at 25°C, 
67.5%; cafeteria diet at 18°C, 87.3%, at 25°C, 79.8%) The 
intakes of the experimental groups housed at 18°C im- 
mediately increased and converged with the control intakes 
after one week for the cafeteria diet-withdrawn group, and 
after two weeks for the varied diet-withdrawn group. Subse- 
quently the intakes of these groups were similar. The intakes 
of both groups of experimental rats housed at 25°C remained 
at a similar level of depression below control values for one 
week and subsequently increased; the intakes of these exper- 
imental groups and the respective controls housed at 25°C 
became similar four weeks after the experimental diets were 
withdrawn. 

Body measurements and body composition. In Table 1 
the mean naso-anal lengths and girths are shown for the ex- 
perimental and control groups at both housing temperatures 
at the end of the experiment. As at the end of the ‘fattening’ 
period, the naso-anal lengths of the control rats housed at 
18°C were significantly less than for the two experimental 
groups housed at the same temperature, 1(20)=2.5, p<0.02; 
in contrast these measurements for the experimental and 
control groups housed at 25°C were not significantly differ- 
ent. It is notable that this difference in naso-anal lengths 
between the two experimental groups and the control group 
housed at 18°C (0.5 cm) was smaller than the difference 
between those groups at the end of the fattening period (1.0 
cm, Table 1) because of a smaller increase in length over this 
thirteen-week period in the rats from which the experimental 
diets had been withdrawn than in control rats. Also the con- 
trol and cafeteria diet-withdrawn rats housed at 18°C were 
shorter than their respective counter-parts housed at 25°C 
(comparison for control groups: 1(19)=3.7, p<0.001; com- 
parison for cafeteria-withdrawn groups: #(19)=2.0, p<0.05). 
The naso-anal lengths of the varied diet-withdrawn groups at 
the two housing temperatures were similar. 

Analysis of the carcass composition showed a significant 
reduction in the amount of both fat free solids and water in 
the control rats housed at 18°C compared with the control 
rats housed at 25°C (fat free solids: 1(19)=2.0, p<0.05; water: 
1(19)=4.9, p<0.001) and compared with either of the experi- 
mental groups housed at both temperatures (e.g., compared 
with the cafeteria diet-withdrawn rats at 25°C fat free solids, 
1(20)=3.3, p<0.01; water, 1(20)=2.6, p<0.01; and at 18°C fat 
free solids, 1(19)=2.4, p<0.05; water, 1(19)=6.0 p<0.001). 
All groups housed at 25°C had similar amounts of fat free 
solids and water. The cafeteria diet-withdrawn rats housed at 
25°C had slightly but not significantly more fat free solids and 
significantly more water than those housed at 18°C; the var- 
ied diet-withdrawn rats had equal amounts of fat free solids 
but more water (although not significantly, 1(20)=1.2, N.S.) 
at 25°C than at 18°C (Table 1). 

As at the end of the fattening period the girths were signif- 
icantly greater in the rats housed at 25°C than at 18°C, 
F(1,59)=19.0, p<0.001 and were significantly greater in the 
rats from which the experimental diets had been withdrawn 
than in the respective control groups, F(2,59)=7.2, p<0.01; 
temperature x dietary history interaction, F(2,59)=0.09, 
N.S. The mean weights of the major fat pads are shown in 
Table 2. The total weights of all the fat pads were signifi- 
cantly greater in the experimental groups than in the respec- 
tive control groups housed at the same temperature, 
F(2,58)=9.8, p<0.001. However, this increased weight in the 
experimental rats occurred mainly in the abdominal sub- 
cutaneous pads and the retroperitoneal pads (fat deposit x 
dietary history, interaction, F(8,232)=9.1, »<0.001), and oc- 
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TABLE 1 


BODY MEASUREMENTS (MEAN + S.E.M.) OF THE VARIED, CAFETERIA AND CHOW FED RATS KEPT AT 25°C AND 18°C, AT THE END OF 
THE ‘‘FATTENING” PERIOD (AT 13 WEEKS) AND THIRTEEN WEEKS AFTER THE EXPERIMENTAL DIETS WERE WITHDRAWN (AT 26 
WEEKS), AND THE CARCASS COMPOSITION AT TWENTY-SIX WEEKS 





13 Weeks 26 Weeks 


Body Naso-anal Naso-anal Lean body Fat pad Total fat 
wt. (g) length (cm) Girth(cm) Body wt. (g) Length(cm) mass(g) Girth(cm) weights (g) (g) 





Chow 
(N=10) 55.  ¥ ; ’ 21.8+0.2 634.4+10.4 420.1+6.0 25.6+0.4 134.9+7.5 


Cafeteria 

(N=11) .9+0. 23.4+0.3 tt 3. .3+0. 425.5+3.6 26.7+0.4 164.4+7.3 
Varied 

(N=11) .2+13. 5.7+0. 23.0+0.5 ; 3. 419.2+6.9 26.8+0.4 159.3+6.9 


Chow 
(n=11) 478.9+ 7.4 24.6+0.2 19.9+0.3 552. . 5.4+0. 386.2+5.4 24.1+0.3 92.2+5.2 


Cafeteria 
(N=10) 579.4+14.5 25.6+0.1 ; ; .0+ 13. 5.9+0. 409.1+6.3 25.8+0.5 116.7+5.4 


Varied 
(N=11) 606.6+11.1 25.6+0.1 A 5. 25.9+0. 410.9+5.0 25.5+0.4 118.3+8.5 150.5+11.7 





TABLE 2 


THE WEIGHTS (AT 26 WEEKS) OF THE MAJOR DISCRETE FAT PADS AND TOTAL FAT PAD WEIGHTS (MEAN + S.E.M.) OF THE RATS 
PREVIOUSLY FED THE VARIED, CAFETERIA OR CHOW DIETS 





Interscapular Abdominal Retro-peritoneal 
Subcutaneous Subcutaneous Epidydimal Perirenal Mesenteric 
(g) (g) (g) (g) 





Chow 
(N=10) ’ ; 38.3+2. 3. ; 20.1+0.8 134.9+7.5 


Cafeteria 
(N=11) yp » & 51.2235. 25.8+1.2 20.2+0.8 164.4+7.3 


Varied 

(N=11) x F .4+2. : . 20.0+1.1 159.3+6.9 
Chow 

(N=11) .3+0. 8+1. y . 16.3+1.0 92.2+5.2 


Cafeteria 

(N=10) 3+1. : 7 3.1+0. 18.1+0.8 116.7+5.4 
Varied 

(N=11) 21. 3 ; 25.0+1.2 16.9+1.1 118.3+8.5 








TABLE 3 


THE MACRONUTRIENT INTAKES (PROTEIN, CARBOHYDRATE 

AND FAT) (MEAN + S.E.M.) AVERAGED OVER FIVE DAYS IN THE 

FATTENING PERIOD OF RATS KEPT AT 18°C OR 25°C AND FED THE 
CAFETERIA DIET OR CHOW 





Carbohydrate Fat 
(kJ/24 hr) (kJ/24 hr) 


Protein 
(kJ/24 hr) 





Chow 
(N=10) 
Cafeteria 
(N=11) 
Chow 
(N=11) 
Cafeteria 
(N=10) 





curred at both temperatures (fat pad x temperature x di- 
etary history interaction: F(8,232)=1.8, N.S.). 

These differences in the weights of the fat pads were con- 
firmed by the total fat content of the carcasses as determined 
by the petroleum ether extraction (Tablel), and these two 
independent measurements of body fat were highly corre- 
lated (the range of correlation coefficients for the six differ- 
ent groups were between r=0.90 and r=0.98). The rats 
housed at 25°C had significantly more body fat than the re- 
spective groups housed at 18°C, F(1,58)=69.6, p<0.001, and 
the rats from which the experimental diets had been with- 
drawn had significantly more fat than the control rats, 
F(2,58)=7.4, p<0.01 both for the comparisons at 25°C, var- 
ied diet-withdrawn, 1(19)=2.4, p<0.05, cafeteria diet- 
withdrawn, 1(19)=2.7, p<0.02, and at 18°C, varied diet- 
withdrawn, 1(20)=1.9, p<0.10, NS; cafeteria diet- 
withdrawn, 1(19)=2.4, p<0.05. The two experimental 
groups had similar amounts of fat within each temperature. 

Both groups of rats housed at 25°C from which the exper- 
imental diets had been withdrawn had significantly more 
body fat as a proportion of body weight compared with the 
control rats (varied, 33.1+0.8%, 1(19)=2.3, p<0.05, 
cafeteria, 33.4+0.8%, 1(19)=2.5, p<0.05, both compared 
with control, 30.1+1.1%) and relative to the weight of lean 
body mass (fat-free solids + water) (varied, 0.497+0.018, 
1(19)=2.3, cafeteria, 0.500+0.017, 1(19)=2.4, both p<0.05 
compared with control, 0.430+0.023.) The fat/lean body 
mass ratio for the experimental groups was 16% greater than 
the ratio for the control rats. The rats housed at 18°C in the 
cafeteria diet-withdrawn group also had more fat relative to 
their chow-fed controls both as a proportion of body weight 
(cafeteria diet-withdrawn, 27.7+0.9%, controls, 25.0+0.9%, 
t(19)=2.2, p<0.05) and relative to lean body mass (cafeteria, 
0.384+0.016, control, 0.333+0.017, 1(19)=2.1, p<0.05), and 
this ratio was 15% greater than the ratio for the control rats. 
However in the varied diet-withdrawn rats housed at 18°C, 
the amount of body fat as a proportion of body weight and 
relative to lean body mass was only slightly and not signifi- 
cantly greater than in the control rats (% body fat: 
26.4+ 1.5%; t(20)=0.9 NS; fat/lean body mass, 0.366+0.028, 
1(20)=1.0 NS) and this ratio was only 10% greater than the 
ratio for the control rats. 
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DISCUSSION 
The Development of Obesity 


Male hooded Lister rats provided with high energy, palat- 
able foods and chow ingested surplus energy and became 
obese over a ninety-one day period when housed in condi- 
tions requiring low energy expenditure (i.e., at a temperature 
requiring minimal thermogenesis and allowing only limited 
activity). This confirms our previous results in this strain of 
rat kept under these conditions [17, 18, 19, 20]. 

A cold-induced increase in energy expenditure did not 
prevent the development of obesity in rats eating high energy 
foods. Greater weight increases relative to temperature 
matched chow-fed control rats were developed at 18°C than 
at 25°C. The elevated body weights of the obese rats kept at the 
lower temperature consisted of increases in both fat and lean 
tissue, as indicated by increased girth and naso-anal length 
measurements. Rats with hypothalamic obesity have in- 
creases in protein deposition but not skeletal size [12]. It is 
possible that prolonged over-consumption could lead to in- 
creases in growth as well as adiposity. In this study both 
obese groups and controls kept at 25°C, and the obese rats 
kept at 18°C, had similar naso-anal lengths. A diet-induced 
difference in growth only occurred at the lower temperature, 
which was due to a reduction in growth of the chow-fed rats. 
This occurred in spite of a 20% increase in food intake rela- 
tive to the control intakes at 25°C. This reduction in lean 
tissue suggests that some ingested protein was diverted from 
use in growth to use as a source of energy. However even 
though the rats eating high energy foods at 18°C had lower 
protein intakes than the control rats, they had normal growth 
rates. Thus their higher energy intakes probably ‘spared’ 
ingested protein for use in growth [15]. Similar effects on 
growth and protein intake have been observed in younger, 
rapidly growing rats fed normal and high protein diets at 20°C 
and 8°C [16]. The rats eating the high energy foods also had 
greater food and energy intakes at 18°C than at 25°C. There- 
fore there was a greater turnover of energy in the obese rats 
kept at 18°C due to their higher energy intakes and expendi- 
ture. 

The greater fat intakes of the groups of rats eating the high 
energy foods probably also contributed to the development 
of obesity. Fat is more efficiently metabolized than protein 
or carbohydrate [5] and greater weight gains occur in rats 
eating high fat diets than in rats eating high carbohydrate 
diets [11,22]. Thus the greater difference in fat intakes be- 
tween the cafeteria diet-fed and control rats housed at 18°C 
than at 25°C may have also contributed to the greater differ- 
ence in body weight gains between the obese and control rats 
kept at 18°C than at 25°C. 

The enhancement of intake produced by eating the palat- 
able high energy diet was similar to the enhancement in- 
duced by the reduced temperature, and these were additive 
in the rats kept at 18°C and eating high energy foods. This 
would not be predicted if cold-induced hyperphagia is stimu- 
lated entirely by increases in energy expenditure. It is also 
possible that the enhanced diet palatability adds an incre- 
ment to intake, and the metabolic effects of cold exposure 
add another increment. However, it is of considerable inter- 
est that the increased energy intakes of the high energy-fed 
groups at 25°C were sufficient to provide the increased energy re- 
quirement at 18°C. Thus cold may increase energy intake by 
mechanisms which are not directly dependent on an in- 
creased depletion of energy substrates through thermoregu- 
lation. The same conclusion was reached from short term 
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studies in which food intake was stimulated by brief period 
of cold exposure (3 hr) at the time of feeding, while longer (21 
hr) periods of cold exposure at non-feeding periods were 
ineffective [25]. Kraly and Blass [13] have suggested that 
cold increases food intake by increasing the rate of gastric 
empyting and therefore meal frequency. This may of course 
subserve the function of increasing the supply of energy 
substrates for metabolism. An increase in meal frequency is 
compatible with the increased amounts of food eaten by all 
the groups kept at 18°C. 

An alternative explanation for cold-induced hyperphagia 
in rats is that there is an increase in the requirement for 
particular nutrients. Cold housed rats (5°C) select a higher 
proportion of carbohydrate and lower proportion of protein 
from the total intake than when kept in the warm if there is 
sufficient protein to satisfy nutritional requirements [3,14] 
but if the total protein supply is inadequate, as in cold- 
housed young rats, a protein containing food is preferred to a 
food without protein [16]. In the present study intakes of 
both chow and the high energy constituents of the experi- 
mental diets increased in the cold, leading to significant in- 
creases in protein (24%) and carbohydrate (22%) intakes. Fat 
intakes also increased in the cold (14%). These higher chow 
intakes may have been related to an increase in protein re- 
quirement in the cold (although protein provided only 11% of 
the excess intake compared with intakes at 25°C; carbo- 
hydrate provided 56% and fat provided 33%). The increase in 
carbohydrate intakes may have occurred in response to a 
greater depletion of energy substrates in the cold. 


Withdrawal of the High Energy Foods 


In the present experiments withdrawing the varied diet 
caused more severe and prolonged hypophagia, and was 
associated with greater initial body weight losses at both 
temperatures than withdrawing the cafeteria diet, suggesting 
an effect of a greater contrast from the varied diet to chow 
than caused by the change from the cafeteria diet to only 
chow. Withdrawal of the varied and cafeteria diets caused 
greater body weight losses at 18°C than at 25°C, although the 
degree of hypophagia as a percentage of the control intakes 
at the same temperature was less severe and of shorter dura- 
tion at 18°C. While withdrawing the varied diet at 25°C and 
withdrawing the cafeteria diet at 18°C caused only small total 
body weight losses, these losses were additive in the rats 
kept at 18°C from which the varied diet was withdrawn. 

The findings that cold did not attenuate the degree of 
obesity developed during cafeteria feeding, and had only a 
small effect on the persistence of the obesity suggests that 
thermogenic activation of brown adipose tissue may not 
have been a major influence in this study, and we have pre- 
viously shown that there are only small increases in energy 
expenditure during cafeteria feeding and after withdrawal of 
the high energy diet in hooded Lister rats [1]. This contrasts 
with the suggestion [21] that brown adipose tissue ther- 
mogenesis is responsible for reversible obesity in Sprague 
Dawley rats. 

In addition to a possible involvement of brown adipose 
tissue thermogenesis in the small weight losses at 18°C after 
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withdrawal of the cafeteria diet, these rats, like the control 
rats at 18°C did not appear to increase their intakes suffi- 
ciently to maintain their body weights, unlike the experi- 
mental rats kept at 25°C. The naso-anal lengths of the exper- 
imental and control rats converged after the withdrawal of 
the experimental diets at 18°C because of a reduced rate of 
increase in length of the experimental rats after the high 
energy diets were withdrawn compared with the control rats. 
Thirteen weeks after the experimental diets were withdrawn 
the experimental groups at both temperatures had signifi- 
cantly elevated body weights and amounts of body fat com- 
pared with the respective chow-fed groups. The dispropor- 
tionate increase in body fat relative to the body weight or 
lean tissue weight occurred in rats kept at 25°C from which 
either the varied diet or the cafeteria diet had been with- 
drawn. However, in rats housed at 18°C from which the 
varied diet had been withdrawn there was only a small, 
non-significant increase in the fat/body-weight or fat/lean tis- 
sue ratios, and in total fat content at the end of the experi- 
ment, compared with control rats. This suggests that the 
small additive effects of housing temperature, the sensory 
properties of the diet, and indeed other variables such as the 
age, strain and sex of the rat, and the levels of exercise [19] 
may determine whether persistent or reversible obesity oc- 
curs after withdrawing a high energy diet. Even so, there 
may be underlying factors which are fundamental to the per- 
sistent retention of increases in body fat. 

Faust et al. [4] have suggested that persistent obesity is 
determined by increases in fat cell number incurred by 
hyperphagia, which remain after withdrawal of the obesity- 
inducing procedure. They found that this effect was greatest 
in the retroperitoneal fat pads and it is of considerable inter- 
est that these fat pads showed the largest weight increases in 
our experimental rats compared with the control rats housed 
at the same temperature, thirteen weeks after the diets were 
withdrawn. 

In the present experiments it has been demonstrated that 
energy intake increases in response to only a modest reduc- 
tion in ambient temperature, but for rats eating a low fat, 
high protein composite diet (chow) this increase in intake is 
insufficient to prevent a reduction in growth rate and obe- 
sity. It is probable that other, behavioral thermoregulatory 
responses which were precluded in the cold housed isolated 
rats in this experiment, such as huddling behaviour and nest- 
ing [9] would normally diminish such an effect on body 
weight. However greater amounts of growth, and high fat 
levels were re-established by providing a high energy, high fat 
diet which was probably more efficiently utilized than the 
composite high protein diet. The increased level of body fat 
persisted with a low fat content diet at both temperatures and 
may represent an enhanced capacity for energy storage over 
a wide range of ambient temperatures in rats which have 
previously had access to high energy foods. 
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ONOFRJ, M., I. BODIS-WOLLNER AND P. BOBAK. Pattern visual evoked potentials in the rat. PHYSIOL. BEHAV. 
28(2) 227-230, 1982.—Pattern and flash visual evoked potentials (VEPs) were obtained in 25 adult male hooded rats. 
Different electrode placements were used to detect the origin of the VEPs. The spatial frequency and temporal modulation 
of the stimulating pattern and the refractive state of the eye were varied to investigate the specificity of these factors in 
pattern VEPs. Variations in latency, amplitude, and trace morphology were found which were consistent with the charac- 


teristics of the visual system of the rat. 


Visual evoked potentials Vision Hooded rats 


PATTERN visual evoked potential (VEP) measurements are 
widely used in clinical diagnosis. They have been shown to 
be more sensitive to pathologic conditions of the optic path- 
ways than flash VEPs [9]. Pattern VEPs are sensitive to 
refraction [18], spatial frequency of stimulation [12], and 
contrast modulation [3]. The processing of patterned stimuli 
is understood from single cell studies at different levels of the 
afferent visual pathways of mammalians [4], while the proc- 
essing of flash stimuli is not. This paper deals with pattern 
visual stimulation in the rat. Quantitative studies of the rat 
visual pathways use patterned stimuli [14]. The rat has been 
extensively used in the neurosciences as an experimental 
animal, especially for behavioral and pharmacological re- 
search, and it is, for instance, the only animal model in Par- 
kinson’s disease [13]. Yet there is a scarcity of data concern- 
ing its VEP obtained with patterned stimuli, in comparison 
with the abundance of physiological and pharmacological re- 
search which has been conducted on flash VEPs. Several 
references can be found in the bibliographies of quoted 
papers [5, 6, 7, 16, 17, 21, 24]. 

The aim of this work was to study rat VEPs using pat- 
terned stimuli and to compare these results with human VEP 
data in order to study possible modifications of these VEPs 
by pharmacological and neurotoxical manipulations. Flash 
VEPs were also recorded so that our data could be related to 
the findings of other investigators as control. Only one pre- 
vious report has been presented about the VEP recorded by 
using 0.3 cycles per degree (cpd) grating patterns in rats [17]. 
In the present study, the influence of spatial frequency, re- 
fraction, shape of the pattern, and temporal modulation and 
the site of recording were investigated in order to establish 
normative data. 


METHOD 


Twenty-five male hooded rats were used in this study. 





Their weights ranged from 180 to 300 g. Experiments were 
conducted in a room specifically designed for behavioral 
studies in rats: temperature remained at a constant level, and 
rectal temperature (37°+0.2°) was monitored before and after 
each recording session. 

The animals were placed in a stereotactic apparatus after 
the intraperitoneal administration of light pentobarbital an- 
aesthesia at the dose of 35 mg/kg and following local anaes- 
thesia of the cutaneous areas using xylocaine (1 part per 
1,000). In 17 rats, silver screw active electrodes (0.7 mm in 
diameter) were placed on one hemisphere over area 17 [15], 
following the method of screw electrode positioning 
suggested by other authors [7], and reference electrodes 
were placed 2 mm posterior and | mm lateral to the bregma, 
or were inserted in the nasal bone. Actual experiments were 
conducted 5 to 7 days after electrode placement. In 8 
animals, after 50 mg/kg pentobarbital anaesthesia, parts of 
the cranial bone were removed. Silver ball electrodes 0.5 mm 
in diameter were placed over the dura at a point to maximize 
recording of the activity of the easily visible posterior col- 
liculus. Areas 1-8 mm lateral to midline and 2-8 mm 
posterior to bregma in both hemispheres were also explored 
with silver ball electrodes. During the experiments, the 
animals were placed again in the stereotaxic apparatus after 
pentobarbital anaesthesia and xylocaine 1% anaesthesia of 
the cutaneous areas subjected to minor experimental trauma. 
EEGs were inspected visually throughout the duration of the 
experiment and stimulation was performed only on animals 
with eyes open, sedated and quiet, which responded with 
blinks and had a startle reaction to saline eye drops and 
which showed waking EEG patterns [8]. Either square wave 
vertical gratings or checkerboards of 90% contrast were dis- 
played on a 120° 120° screen (60 lux luminance). Pattern 
reversal (i.e., black bars or checks became white and vice 
versa) was obtained with a Digitimer oscillating-mirror 
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system. Responses to 0.5, 1, 2, 3, 5 and 10 reversals per 
second were recorded. The spatial frequencies of the pat- 
terns tested were 0.07, 0.1, 0.2, 0.3 and 0.5 cpd. In 6 rats, the 
refraction of the eye was evaluated through trial and error 
testing with various diopter lenses. The best focusing refrac- 
tion was established through observing which lens produced 
maximum VEP amplitudes [1]. Both monocular and binoc- 
ular VEPs were obtained in 8 rats. Monocular testing was 
performed by black patch occlusion of the untested eye. 

In addition to pattern VEPs, flash VEPs were recorded in all 
animals. Flash stimulation was obtained with 10 microsec- 
ond flashes at several luminance levels ranging from | to 16 set- 
ting on Grass PS 22 and at rates of 2 to 10 flashes per second 
from a viewing distance of 60 cm. The recorded EEG signals 
were amplified by a Grass SPS preamplifier with filter bandpass- 
es set at 0.13 to 100 Hz and stored in a Hewlett-Packard 3960 
magnetic tape recorder. Two hundred fifty-six responses to 
pattern reversal stimuli and 64 responses to flash stimuli 
were summed by a Dagan 5000 averager with 0.2 or 1 msec 
data point resolution. The averager activated a Plotamatic 
715 M MFE plotter. The latencies of the VEP waveform 
components were measured in response to 0.5—3 reversals 
per second and 2 flashes per second or transient responses 
[23], while for responses which showed the quasi-sinusoidal 
morphology of the steady-state VEPs [23], only relative 
phase shifts caused by the different experimental conditions 
were measured. The relative phase measurement of the quasi 
sinusoidal responses were converted into apparent latency 
following a method fully described by Regan [23]. In es- 
sence, the apparent latency is the result of the following 
calculation: 1/360 multiplied by the phase of the steady-state 
VEP and divided by the frequency of stimulation. The prod- 
uct of this operation expresses latencies in seconds, which 
can then be converted into milliseconds. 


RESULTS 


Several factors were manipulated in the present study. 
First the effect of increasing temporal frequency on the 
shape of the pattern VEP will be discussed. This will be 
followed by the results obtained with changing spatial fre- 
quency and refraction. A comparison between the distribu- 
tion of flash vs pattern VEPs will then be presented. 

In all of the animals tested, reliable VEPs could be re- 
corded to a 0.1 cpd grating using binocular stimulation. The 
VEPs were reproducible over different recording sessions on 
different days. The response in all rats was composed of a 
constant positive-negative deflection (P-N) which was pre- 
ceded in 15 animals (60%) by an earlier positive component 
(p). The mean latency values of each component (+one 
standard deviation of the mean) in msec were: p, 56.5+9.6; 
P, 85.5+4.75; N, 109.5+12.8. Repeated studies on the con- 
sistency of the response to one reversal per second during 
the same recording session revealed a variability of 0.7+0.9 
(standard deviation) msec for the latency of the P component 
and of 1.8+2.1 (standard deviation) msec for the latency of 
the N component. With an increase in the temporal fre- 
quency of stimulation, the distinction between individual 
deflections (‘‘components’’) became less clear: VEPs ob- 
tained by 5 reversals per second showed the quasi-sinusoidal 
waveshape typical of the steady-state response [23] in 80% of 
the animals. This quasi-sinusoidal response had a frequency 
corresponding to the number of reversals per second. In the 
remaining animals, the VEP showed clear P-N components. 
At the rate of 10 reversals per second, in 80% of the animals 
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FIG. 1. Pattern VEPs in a rat. On the left, VEP traces are shown to 
several spatial frequencies and refractive lenses. It is clear that the 
latency of P of the pattern VEP at 0.5 reversals per second increases 
to higher spatial frequencies and the amplitude of P-N is maximal to 
+2D refraction (bottom). On the right, pattern VEPs to different 
reversal rates are shown. At 5 reversals per second, 0.1 cycles per 
degree (cpd) spatial frequency of stimulation, the response in the rat 
is already quasi-sinusoidal as in steady-state conditions. 


we recorded a clear sinusoidal response (Fig. 1); in the 
others the VEP was not consistent in repeated experiments. 

The mean values of the amplitudes when using 0.5, 1, 2, 
and 3 reversals per second were: baseline-P deflection, 
6.6+2.4 microvolts; P-N deflection, 14.5+4.7 microvolts. 
The amplitudes of the steady-state responses were 10.6+2.5 
microvolts at 5 reversals per second, 10.4+2.3 microvolts at 
8 reversals per second, and 8.6+2.4 microvolts at 10 rever- 
sals per second. 

Using monocular stimulation and recording with the 
active electrode on the contralateral hemisphere yielded only 
10% lower amplitude VEPs. VEPs to checkerboard stimuli 
having the same mean luminance, contrast and field size 
showed the same waveform components as responses to 
grating patterns: only small variations of latency of the com- 
ponents (+3 msec) and of amplitude (from a factor of two to 
no variation) were recognized. When the spatial frequency of 
stimulation was varied, the latencies of the responses 
changed (Fig. 1). The combined results of all the animals 
indicated a latency increment of 9.13+2.37 msec for the P 


spatial frequency increased from 0.1 to 0.5 cpd. Only 27% of 
the animals showed consistent responses at 0.5 cpd. In 
4 of the 11 animals, a steady-state response was recorded at 
10 rps when stimulating with 0.2 and 0.3 cpd. The increment 
of spatial frequency from 0.1 to 0.3 cpd yielded a phase shift 
of 32+11 degrees corresponding to an apparent latency of 
9.1+3 msec [23]. 

The refraction of the rat’s eye affected the amplitudes of 
the VEPs (Fig. 1). After having explored various diopters, 
the best response was found in 4 rats with +2D lenses: the 
amplitude of the P-N deflection increased by a factor of 
0.5+0.2. Using 4 D lenses, the amplitude increased only by a 
factor of 0.1. 





PATTERN VEP IN RATS 


FIG. 2. Comparison of flash VEPs (open circle, left) and VEPs 
obtained with a 0.1 cpd grating pattern reversal (black and white 
striped bars, right) in three different rats. 


Recordings from different epidural derivations with pat- 
tern stimulation showed higher amplitude VEPs in an area 
from 1.5 mm to 4 mm lateral to the midline and | to 5 mm 
anterior to the lamboid suture, roughly corresponding to the 
rat's area 17 [10]. Reduced amplitudes or unrecognizable 
VEPs were obtained from other areas. 

With monocular stimuli, the VEP recorded from an active 
electrode over the hemisphere contralateral to the stimulated 
eye and a reference electrode over the homologous area of 
the other hemisphere showed similar waveshapes with a 
positive component corresponding to the P component of the 
pattern VEP obtained with nasal bone reference. This 
suggests that the ipsilateral hemispheric electrode was, simi- 
larly to the nasal bone reference, indifferent with respect to 
stimulation of the ipsilateral eye. 

The flash VEP waveforms and latencies of the compo- 
nents were similar to those described by several authors [5, 
6, 7, 10, 16, 21, 24]. The mean latencies of the components in 
msec (+one standard deviation of the mean) were: N1, 
31.3+3.9; Pl, 45.4+2.4; N2, 65.1+2.8; P2, 107.5+8.6. The 
mean aplitude of the PI-N2 deflection was 41+9.1 mi- 
crovolts. In Fig. 2, VEPs to flash and patterned stimuli are 
compared. 

The effect of luminance on the flash VEP was studied by 
decreasing it in 6 steps from 350 to 15 lux. The latency of the 
first positive component (P1) increased by 7.7+1.9 msec and 
that of the subsequent negative component (N2) increased 
by 10.5+2.3 msec. For the same luminance decrease, the 
phase of the response to 10 flashes per second increased by 
29.6+8.15 degrees corresponding to an apparent latency of 
8.05+2.2 msec. 

The components P45 and N65 of the VEPs obtained with 
flash stimuli were recognizable in 5 of the 8 animals tested 
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with silver ball electrodes over an area extending outside the 
projection of area 17. 
DISCUSSION 

Grating or checkerboard pattern presentation evokes a 
stable potential in the rat which has features similar to the 
pattern VEP found in other animals [1,20] or in man [12, 18, 
23]: there is a sensitivity to spatial frequency, a transforma- 
tion from transient morphology to steady-state morphology 
with an increase in the temporal rate of stimulation, and a 
dependence of the amplitude of the evoked potential and the 
state of refraction. 

The VEP results of this study obtained with pattern stimu- 
lation are in agreement with findings obtained with behav- 
ioral studies regarding refraction [26] and spatial frequency 
sensitivity of the rat [2,26]. The spatial frequency cut-off one 
can estimate from our VEP data corresponds to the cut-off 
spatial frequency of individual neurons, recorded in the optic 
tract of rats [22]. The present results largely confirm studies 
regarding the spatial frequency sensitivity of single cells of 
the visual cortex [19,25] and of the lateral geniculate nucleus 
[14] of the rat. 

Recordings from different locations and different refer- 
ence electrodes with monocular pattern stimulation showed 
that the electrical gradient from the hemisphere contralateral 
to the ipsilateral hemisphere was similar to the gradient 
found between one hemisphere and a supposedly inactive 
electrode. This shows that the major component of the pat- 
tern VEP originates in one hemisphere, which is in agree- 
ment with the fact that rat optical pathways are 90% crossed 
[15]. 

The flash VEPs obtained in our animals were comparable 
to VEPs described by other authors [5, 6, 7, 10, 16, 23] and in 
a study conducted by one of us [21] in another laboratory. 
The flash VEP, contrary to what is found in humans [9], 
appeared to have components with very constant latencies. 
The relative increase in latency of the flash VEP which oc- 
curred with a 23-factor reduction of flash intensity was 
slightly longer than that reported by Creel et al. [5] and Dyer 
and Swartzwelder [6], but this could be due to the distance of 
the stimulator from the rat’s eye. The waveforms of pattern 
reversal and flash VEPs were clearly different but the partial 
distribution of the EPs was roughly correspondent. Some of 
the components of flash VEPs could be identified in area 
outside of area 17, as already reported by Mallecourt and 
Verley [16]. This could be related to the fact that geniculo- 
striate projections in the hooded rat extend outside area 17 
[11]. Small differences in the distribution of pattern vs flash 
VEPs could be attributed to the large amplitude of the flash 
VEP. 
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DESSI-FULGHERI, F. AND C. LUPO. Odour of male and female rats changes hypothalamic aromatase and Sa- 
reductase activity and plasma sex steroid levels in unisexually reared male rats. PHYSIOL. BEHAV. 28(2) 231-235, 
1982.—Male rats between 25-65 days of age were reared under four different social conditions: (1) In cohabitation with only 
males; (2) as in (1), but exposed to bedding from a cage containing other males; (3) as in (1), but exposed to bedding of 
females; (4) in cohabitation with both males and females. At 65 days of age the animals were killed and analyzed for plasma 
levels of testosterone and estradiol and in vitro studies were undertaken of hypothalamic testosterone metabolism. Males 
reared in absence of females showed lowered testosterone and estradiol plasma concentrations and increased hypothalamic 
aromatase and Sa-reductase activity compared to heterosexually reared males. The effects of cohabitation with males only 
were counteracted by exposure to bedding of other males or of females suggesting an importance of odoriferous stimuli 


associated with sexually mature males and females during the sexual maturation of the male rat. 
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SOCIOSEXUAL deprivation, due to unisexual rearing from 
weaning on causes in the male rat behavioral [3,22] and 
endocrine modifications. In particular unisexual rearing de- 
creases testosterone [13,17], estradiol [13] and LH [17] 
plasma levels. Moreover, sociosexual deprivation alters 
brain testosterone aromatization [13], which is considered an 
important step for the elicitation of male sexual behavior 
[11]. 

Previously we showed that the impairment of olfactive 
ability decreases testosterone plasma levels and increases 
hypothalamic testosterone aromatization in sexually experi- 
enced male rats [5], resembling the effects induced by 
sociosexual deprivation. This suggests a role of olfactory 
stimuli associated with the female in controlling the 
endocrine equilibrium at central and peripheral level. 

The importance of olfactive cues in the regulation of male 
endocrine secretion was also suggested by a preliminary ex- 
periment where the administration of mixed odour of both 


sexes to unisexually reared male rats increased plasma tes- 
tosterone and estradiol to normal heterosexual values [2]. 
Recently one of us reported that administration of female 
odour to unisexually reared male rats partly counteracts the 
behavioral modifications induced by unisexuality [4]. 

These results prompted us to study the effect of male and 
female odour separately administered extending the investi- 
gation to testosterone hypothalamic metabolism. 


METHOD 
Animals and General Procedure 


Animals were 48 male rats bred in our laboratory from a 
Sprague-Dawley stock obtained from Charles River of Italy. 
They were maintained from birth on a normal day-light cy- 
cle, in cages of transparent Makrolon (372114 cm) and 
had access to water and food ad lib. Weaning took place at 25 
days of age, when the animals were assigned randomly to 
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one of the following groups, each group including 12 rats. (1). 
Unisexual rearing. 6 males were housed in the same cage. (2) 
Unisexual rearing+male bedding: As in group 1, except that 
twice a week, approximately 50 g of bedding material from a 
cage housing sexually mature male rats (the same throughout 
the experiment), was placed in the cage. (3) Unisexual 
rearing+female bedding: As in group |, except that twice a 
week, approximately 50 g of bedding material from a cage 
housing sexually mature female rats (the same throughout 
the experiment), was placed in the cage. (4) Heterosexual 
rearing: 3 males and 3 females of the same age were housed 
in the same cage. 

Groups | and 2 on one side, and groups 3 and 4 on the 
other, were kept in different rooms to avoid odour interfer- 
ence. When 65 days old, the rats were sacrificed at 5 p.m. by 
decapitation without anesthesia, blood collected into 
heparinized tubes, centrifuged at 4°C and plasmas stored at 
—20°C. The hypothalamus was dissected following 
Glowinsky and Iversen [9] and tissue immediately stored at 
—20°C. For individual plasma determinations 12 subjects per 
group were taken, while for the metabolic study 4 were ran- 
domly chosen and hypothalamus from each subject was 
separately processed. 


Hormonal Analysis 


Testosterone and estradiol were determined by radioim- 
munoassay after extraction of individual plasma samples 
with diethyl ether using as tracers 1, 2, 6, 7-*H-testosterone 
(specific activity 81 Ci/mmol) and 1, 2, 6, 7-*H-estradiol 
(specific activity 50 Ci/nmol), purchased from Amersham, 
and antisera anti-testosterone and anti-estradiol (obtained 
from rabbit) purchased from Sorin (Saluggia, Vercelli, Italy). 
Extracts were used for radioimmunoassay without preliminary 
chromatography following the charcoal-dextran method of 
separation and incubation times as described by Collins et al. 
[1] and Emment er al. [7]. The inter-assay coefficient of var- 
iation was 7% and the intra-assay coefficient of variation was 
4%, the minimum amount detectable was 5 pg/ml. 

Whole hypothalamus from each subject was homogenized 
in sucrose at 4°C with a teflon pestle and incubated (16 dif- 
ferent incubations) with | uwCi of la, 2a-*H-testosterone 
(specific activity 49 mCi/mmol) for one hour at 37°C with 
continous shaking in air, using NAD and NADP as cofac- 
tors. The reaction was stopped adding 0.3 ml of ethanol and 
the metabolites extracted three times with methylene 
chloride and one with ethyl acetate. After evaporation the 
residue was dissolved in benzene, and the phenolic fraction 
was separated from the neutral by extraction with NaOH and 
ether. Neutral and phenolic fractions were then separated by 
thin layer chromatography, and metabolites were crystal- 
lized to constant specific activity. After extraction and sep- 
aration aliquots of neutral and phenolic fraction of each 
incubation were counted to calculate recovery. After thin 
layer chromatography aliquots of each eluate were counted 
for the calculation of chromatographic recovery. The results 
were corrected for individual recoveries. For further details 
see Lupo di Prisco et al. [12]. 


Statistical Analysis 


The data were analyzed using one way analysis of vari- 
ance. Comparisons between groups were performed by least 
significant difference (LSD) test [21]. 
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FIG. 1. Estradiol formed from testosterone (mean+SE). 
Uni=unisexually reared, uni+d=addition of male bedding, uni 
+ 2=addition of female bedding, het=heterosexually reared. Sig- 
nificant LSD comparisons: uni—het, uni-uni+ 2, het-uni+d 
het—uni+ 2, p<0.001; uni-uni+ ¢ , p<0.005. 
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FIG. 2. Dihydrotestosterone formed from testosterone (mean+SE). 
Abbreviations as in Fig. 1. Significant LSD comparisons: uni 
—uni+?, uni—het, p<0.001; uni-uni+¢é, p<0.005; uni 
+ g—uni+ 2, het-uni+ d, p<0.025. 


RESULTS 
Testosterone Metabolism in the Hypothalamus 


Figures 1-5 show the results of in vitro studies of hypotha- 
lamic tissue incubated with labelled testosterone. The dia- 
grams indicate the amounts of the various testosterone 
metabolites recovered in brains of rats reared under different 
environmental conditions. The rearing conditions signifi- 
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FIG. 3. Androstenediol formed from testosterone (mean+SE). Ab- 
breviations as in Fig. 1. Significant LSD comparisons: uni-uni+ ¢ , 
uni—het, p<0.025. 
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FIG. 5. Unchanged testosterone (mean+SE). Abbreviations as in 
Fig. 1. Significant LSD comparisons: uni-uni+ 2, p<0.02; uni 
—uni+ d, p<0.05. 


cantly modified the amount of estradiol, F(3/13)=46.91, 
p<0.001, dihydrotestosterone, F(3/13)=31.81, »<0.001, and 
androstenediol, F(3/13)=3.72, p<0.05, but not that of an- 
drostenedione. Not metabolized testosterone was influ- 
enced by the treatment, the amount recovered being signifi- 
cantly lowered in unisexually reared males, F(3/13)=3.69, 
p<0.05. The elevated aromatase and S5a-reductase activity 
following unisexual rearing was counteracted by exposing 
the unisexually reared animals to male or female bedding 
(Figs. 1 and 2). 
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FIG. 4. Androstenedione formed from testosterone (mean+SE). 
Abbreviations as in Fig. 1. 
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FIG. 6. Testosterone plasma levels (means+SE). Abbreviations as 
in Fig. 1. Significant LSD comparisons: uni—het, uni—uni+ 2, uni 
+ 3g—uni+ 2, p<0.001; het-uni+d, uni-uni+d, p<0.01 


Testosterone and Estradiol Plasma Levels 


The rearing conditions modified plasma levels of testos- 
terone, F(3/44)=34.08, p<0.001, and estradiol, F(3/44) 
=5.23, p<0.01. Unisexual rearing resulted in a de- 
crease of plasma testosterone and estradiol levels (Figs. 6 
and 7). This effect was counteracted by exposing the animals 
to male and female bedding. Male and female beddings were 
similarly effective in increasing estradiol plasma levels of 
unisexually reared males (uni+bedding from males—uni+ 
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FIG. 7. Estradiol plasma levels (mean+SE). Significant LSD com- 
parisons: uni>uni+?2, p<0.001; het-uni+?2, p<0.01. Abbre- 
viations as in Fig. 1. 


bedding from females, n.s.), whereas female bedding was 
more effective than male bedding in producing an increase of 
testosterone levels of unisexually reared males (uni+male 
bedding—uni+female bedding, p<0.001). The effect of 
female odour on estradiol level is more effective than the 
presence of female rats in the heterosexual group (uni+ 
female bedding—het, p<0.01). 


DISCUSSION 


The results obtained in this study show that the formation 
of estrogens and Sa-reduced androgens in the hypothalamus 
of male rats from testosterone is influenced by variations in 
the social environment. Males reared with females thus 
showed a lower rate of conversion of testosterone to es- 
tradiol and dihydrotestosterone than males reared in all-male 
groups. These alterations in aromatase and Sa-reductase ac- 
tivity followed a parallel course suggesting the influence of a 
common factor. The low aromatase activity of heterosex- 
ually reared rats and the high activity of the all-male group 
confirm previous findings in our laboratory [13]. 

Administration of odour of adult males and females to 
unisexually reared males is effective in reversing the effect of 
sociosexual deprivation on aromatase and Sa-reductase ac- 
tivity, thus suggesting an importance of odoriferous stimuli 
at central level during sexual maturation. 

Besides affecting the hypothalamic testosterone metabo- 
lism, environmental stimuli altered plasma testosterone and 
estradiol levels. Observations suggesting increased secretion 
of testosterone in response to sexual stimulation were first 
reported by Steinach [23], who found that atrophy occurred 
in the reproductive system among grouped unmated male 
rats and that this could be prevented by subjecting the males 
to the odour of female rats. Folman and Drori [8] failed to 
observe this effect, while Purvis and Haynes [17] showed 
that a non-tactile 4 days exposure to oestrus females in- 
creased LH, testosterone and reproductive system weight in 
male rats housed under sexually restricted conditions from 
weaning to 120 days of age. These authors suggested that 
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Folman and Drori’s failure was due to the length of sexual 
deprivation, probably responsible for irreversible effect. 
Actual increase of plasma testosterone levels in response to 
the odour of female rats was reported by Kamel et al. [10], 
who found a significant increase of LH and a non-significant 
but still evident increase of prolactin and testosterone after 
odoriferous stimulation, and by Purvis and Haynes [18], who 
found increased plasma concentrations of testosterone in 
male rats exposed to female rat urine odour. 

Present results showing elevated plasma testosterone 
concentrations in males exposed to soiled bedding from 
cages containing females are in line with these observations. 
In addition, we found elevated plasma estradiol levels ac- 
companying increased concentrations of plasma testos- 
terone. As estrogens are derived in the male both by direct 
secretion from the testis and peripheral conversion from cir- 
culating precursors, an increased estradiol plasma level may 
be due to increased testicular secretion, increased peripheral 
aromatization or lowered degradation [20]. All these hypoth- 
eses could account for heightened plasma concentration 
found in the group given odour. 

The finding that odoriferous and social stimuli may inter- 
fere with testosterone secretion and testosterone brain me- 
tabolism raises the question of the mechanisms mediating 
these effects. The processes of aromatization and Sa- 
reduction of testosterone are only partially understood and 
little is known about the factors regulating these processes 
[14], although accumulating evidence indicates that many 
actions of testosterone are mediated by locally formed 
metabolites. For example in several species including the 
rat, Sa-reduced androgens appear to act in concert with es- 
trogens to facilitate the induction of male sexual behavior 
[16]. Present findings that odour of both sexes decreases 
aromatase and Sa-reductase activity in unisexually reared 
rats confirm the importance of these observations. 

A possible regulation of testosterone central metabolism 
could be due to circulating testosterone levels, since we 
found in previous as in the present experiment a reverse 
relationship between plasma testosterone levels and testos- 
terone conversion rate to estrogens in the hypothalamus. 
There are, however, several reports showing that castration 
results in no or only minor effects on hypothalamic Sa- 
reduction [14,15]. In the rabbit Reddy er al. [19] found an 
increased aromatase activity in the hypothalamus of cas- 
trated males. However in the male rat we did not observe 
any effect of castration neither on testosterone aromatization 
nor on S5a-reduction [6]. This suggests that in the rat testos- 
terone hypothalamic metabolism is not controlled by cir- 
culating testosterone levels. 

The observation that exposure to sexually mature male 
and female soiled beddings causes similar effects suggests 
that odours associated with the male and female either share 
a pheromonal substance or that odour from both sexes plays 
a similar role in modulating the endocrine status of the male 
during sexual maturation. 

Odour of adult animals of the same species is an impor- 
tant component of the social environment that is able to 
affect the ontogenesis of social behavior of the rat [3]. Pres- 
ent results suggest that this effect could be mediated by an 
influence of odoriferous stimuli on the ontogenesis of 
endocrine regulation. 
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KUENZEL, W. J. Transient aphagia produced following bilateral destruction of the lateral hypothalamic area and 
quinto-frontal tract of chicks. PHYSIOL. BEHAV. 28(2) 237-244, 1982.—Six groups of broiler chicks, Gallus domesticus, 
sustained bilateral lesions to specific neural structures residing in the lateral hypothalamic and thalamic areas. In contrast 
to past data reported for the albino rat, the pigeon, Columba livia and barbary dove, Streptopelia risoria, bilateral 
destruction of the chick lateral hypothalamic area (LHy), quinto-frontal tract (QF), and stratum cellulare externum (SCE) 
resulted in transient aphagia and rapid recovery of lost body weight. Similarly, bilateral destruction of the nucleus 
reticularis superior (RS) and nucleus intercalatus (ICT) resulted in a temporary 1-3 day period of aphagia with body weight 
returning to pre-operative levels in approximately 4 days. Bilateral destruction of the ansa lenticularis (AL) resulted in a 
more prolonged period of aphagia (4 days) and an average 8-day period to recover lost body weight. Additional data suggest 
that more persistent aphagia can be induced following lesions to the posterior hypothalamus and midbrain. Specifically, 
bilateral lesions which destroyed the following combination of neural structures resulted in prolonged aphagia: AL, QF and 
posterior LHy; AL and posterior nucleus of the AL (ALp); and AL, ALp and QF. It is suggested that the AL and ALp 
contain neurons which are part of a more complex system that modulates or controls motor activity and feeding behavior in 
birds. 

Quinto-frontal tract Chicks 


Lateral hypothalamic lesions Aphagia 





cies. The lateral hypothalamic area (LHy), quinto-frontal 
tract (QF) and stratum cellulare externum (SCE) were first 
examined. In addition, the ansa lenticularis (AL), nucleus 
reticularis superior (RS) and nucleus intercalatus (ICT) were 


THE central neural control of food intake in vertebrates is 
thought to reside in the hypothalamus and adjacent neural 
structures. The classic paper of Anand and Brobeck [1] 
identified an area within the lateral hypothalamus of rats 


which when lesioned bilaterally resulted in aphagia. The first 
experimenters to produce aphagia in birds, specifically 
White Leghorn chickens, by lesioning the posterior lateral 
hypothalamic nucleus (nu. hypothalamicus lateralis) as the 
site responsible for drastically reducing food intake when 
hypothalamic nucleus (nu. hypothalmicus lateralis) as the 
site responsible for drastically reducing food intake when 
destroyed. More recently Zeigler et al. [15] and Zeigler and 
Karten [16,17] have shown that the trigeminal nucleus and 
quinto-frontal structures play a major role in controlling food 
intake in the pigeon, Columba livia. In contrast, Wright [14] 
has suggested that bilateral destruction of the medial borders 
of the lateral forebrain bundle and stratum cellulare exter- 
num leads to aphagia and consistent feeding deficits in Bar- 
bary doves, Streptopelia risoria. 

The purpose of this study was to compare neural struc- 
tures reported to effect aphagia when damaged in avian spe- 


investigated as these reside in the vicinity of neural struc- 
tures reported to alter significantly feeding behavior in birds. 


EXPERIMENT | 
The first experiment examined the effect of bilateral de- 
struction of each of the following neural structures on food 


intake and body weight response in growing chicks: LHy, 
QF, SCE, AL, RS and ICT. 


METHOD 


Animals, Feed, Housing, and Photoperiod 


Male broiler chicks (White Rock) served as experimental 
animals. All chicks were fed a commercial broiler starter 
crumble ration containing an estimated 23 percent protein, 
7.5 percent fat, and 3234 kcal/kg metabolizable energy. 


'Scientific Article No. A2924, Contribution No. 5982, of the Maryland Agricultural Experiment Station (Department of Poultry Science). 
This study was presented at the 10th Annual Meeting of the Society for Neuroscience, Cincinnati, OH, 1980. Final draft written during tenure 
of a Fulbright-Hays Fellowship to Britain (Poultry Research Centre, Scotland). 


Copyright © 1982 Brain Research Publications Inc.—003 1-9384/82/020237-08$03 .00/0 





TABLE 1 
STEREOTAXIC COORDINATES USED IN EXPERIMENT | 





Anterior- 
Posterior Lateral Depth 
(mm) (mm) (mm) 


Experimental 
Groups 





Lateral hypothalamus 6.3 
(LHy) 

Quinto-frontal 
tract (QF) 

Stratum cellulare 
externum (SCE) 

Nucleus reticularis 
superior (RS) 

Nucleus intercalatus 
(ICT) 

Ansa lenticularis 6.5 
(AL) $35 





Coordinates determined from a zero reference point (ZRP). The 
ZRP is obtained by positioning the point of an electrode directly 
above the centered earbars. 


Chicks were placed in a Petersime battery with raised wire 
floors during their first week posthatching. After one week 
they were housed individually so that daily food intake/bird 
could be determined. Chicks were exposed to continuous 
light throughout the study. 


Surgical Procedures 


Chicks one through three weeks of age were anesthetized 
with Chloropent (Fort Dodge Laboratories, Inc.). It was 
administered intravenously (brachial vein) at a dose of 1.8 
mi/kg. Birds were positioned in a stereotaxic instrument 
(David Kopf Instruments) with head tilted down at a 45° 
angle. Standard surgical procedures were used to expose and 
drill through the calvarium. Stainless steel (SS) insect pins 
(#1) coated with insl-x served as electrodes. A D.C. lesion 
device (Grass Instruments, Model D.C. LMSA) set at 1.0 
mA was connected to the electrode and bird (comb served as 
site of attachment for negative lead). Anodal, bilateral, elec- 
trolytic lesions (current passing 10-25 sec) were placed in 
various diencephalic and mesencephalic sites. An unpub- 
lished atlas of the brain of broiler chicks, | and 2 weeks of 
age, was used to direct electrodes to various neural sites. 


Experimental Groups, Histological Procedures and 
Statistical Analysis 


A specific set of brain lesions was administered to each of 
120 chicks while 4 chicks served as sham-operated controls. 
Each control was anesthetized, two holes were drilled 
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ABBREVIATIONS 





Ansa lenticularis 

Optic chiasma 

Nucleus dorsolateralis posterior thalami 
Dorsal supraoptic decussation 

Nucleus geniculatus lateralis, pars dorsalis 
principalis 

Nucleus geniculatus lateralis, pars ventralis 
Nucleus intercalatus thalami 

Nucleus isthmi, pars magnocellularis 
Infundibular tract 

Nucleus isthmi, pars parvocellularis 
Lateral forebrain bundle 

Lateral hypothalamic area 

Nucleus mamillaris medialis 
Occipitomesencephalic tract 

Nucleus ovoidalis 

Posterior median eminence 

Posterior nucleus of ansa lenticularis 
Nucleus pretectalis 

Nucleus paraventricularis 
Quinto-frontal tract 

Nucleus reticularis superior, pars dorsalis 
Nucleus rotundus 

Nuleus ruber 

Stratum cellulare externum 

Nucleus subpretectalis 

Nucleus spiriformis lateralis 

Nucleus spiriformis medialis 

Nucleus subrotundus 

Nucleus triangularis 

Optic tectum 

Isthmo-optic tract 

Septomesencephalic tract 
Thalamostriatic tract 

Ventricle 

Ventromedial hypothalamic nucleus 
Third ventricle 





through the calvarium and an electrode lowered into the di- 
encephalon. Experimental chicks were divided into one of 
the following 6 groups based upon an attempted lesion of a 
specific brain structure: LHy, QF, SCE, RS, ICT and AL. 
Stereotaxic coordinates used for each group are given in 
Table 1. Food intake and body weight (BW) were determined 
daily for two weeks or until BW returned to preoperative 
levels. At termination of the study chicks were anesthetized 
with Chloropent, perfused with 0.9% NaCl followed by 10% 
buffered Formalin. The skull with brain intact was then 
placed in 10% buffered Formalin for 2 days. Brains were 
blocked using a stereotaxic instrument and placed in a 30% 
sucrose-Formalin solution according to the procedure of 
Karten and Hodos [5]. Brains were frozen, cut at 40 um ona 
sliding microtome (American Optical Corp., Model 860) and 


FIG. 1. Schematic drawings of cross-sections of brain showing lesions characteristic for each of the following experimental groups: A. Lateral 
hypothalamic area (LHy), B. Quinto-frontal tract (QF), C. Stratum cellulare externum (SCE), D. Nucleus reticularis superior (RS), E. 
Nucleus intercalatus (ICT), F. Ansa lenticularis (AL). Lesions are depicted by the very thick enclosed lines found on each brain drawing. The 


uppermost drawing for each experimental group is the most rostral. 
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TABLE 2 
NEURAL STRUCTURES PARTIALLY DAMAGED IN EXPERIMENTAL CHICKS 





Experimental 
Groups 


Brain structures partially destroyed* 





Lateral hypothalamus 
(LHy) 


QF; ventromedial hypothalamic nucleus (VMN); 
AL; anterior, medial hypothalamic nucleus (HAM); 


dorsal supraoptic decussation (DSD); 
medial mamillary nucleus (MM). 


Quinto-frontal tract 


Nucleus of the basal optic root (nBOR); AL; 


(QF) LHy; ICT, occipitomesencephalic tract (OM); 
area ventralis of Tsai (AVT); HAM; nucleus 
tegmenti pedunculo-pontinus, pars compacta 


(TPc); SCE; RS. 


Stratum cellulare 
externum (SCE) 


Nucleus reticularis 
superior (RS) 


OM; AL; nucleus ruber (Ru); formatio reticularis 
medialis mesencephali (FRM); QF. 


Lateral forebrain bundle (LFB); AL; ICT; 
nucleus dorsolateralis (DL); nucleus 


dorsomedialis (DM); QF. 


Nucleus intercalatus 
(ICT) 


Ansa lenticularis 


AL; RS; QF; nucleus rotundus (Rt). 


QF; ICT; RS; OM; posterior nucleus of the 


(AL) AL (ALp); nucleus subrotundus (SRt); LFB. 





*Those structures with greatest damage are listed first. 


stained with luxol fast blue, cresylecht violet [6]. Body 


weight responses of experimental groups and sham-operated 
controls were compared using analysis of variance [11]. 


RESULTS 
Histological Examination 


Brains were examined histologically and chicks were as- 
signed to one of six experimental groups based upon com- 
plete or near complete destruction of a specific brain struc- 
ture. 

Lateral hypothalamic area (LHy). Five chicks comprised 
the LHy group. A typical lesion is shown in Fig. 1A. Note 
that it is unlikely that all neurons within this area were de- 
stroyed particularly since the atlas of van Tienhoven and 
Juhasz [13] suggests that the LHy extends in the anterior- 
posterior plane for at least 2.5 mm in the adult hen. A typical 
lesion in chicks was approximately 1.5 mm in diameter. 
However, all chicks included in the LHy group had the cen- 
tral portion of the area destroyed on both sides of the brain. 
Other neural structures partially damaged are included in 
Table 2. 

Quinto-frontal tract (QF). Eight chicks comprised the QF 
group and a typical lesion is shown in Fig. 1B. Each bird had 
complete bilateral destruction of the QF. Other neural struc- 
tures partially damaged are included in Table 2. 

Stratum cellulare externum (SCE). The SCE is a diffuse 
neural substrate positioned between the dorsal posterior 
hypothalamus and ventral thalamus. It was the most difficult 
structure to lesion bilaterally and no chick included in the 
group (n=4) had complete destruction of the SCE. A typical 


lesion is presented in Fig. 1C and shows about 90% of the 
SCE destroyed. 

Nucleus reticularis superior (RS) and nucleus inter- 
calatus (ICT). Six and 5 chicks comprised the RS and ICT 
groups, respectively. Typical lesions are shown in Fig. 1D 
and E. Additional neural structures partially damaged are 
included in Table 2. 

Ansa lenticularis (AL). Seven chicks sustained bilateral 
lesions to the ansa lenticularis. As shown in Figure IF, a 
typical lesion completely destroyed the AL in at least one 
cross-sectional plane of brain slides examined for each chick. 
Other brain structures partially damaged are given in Table 2. 


Food Intake and Body Weight Responses 


Table 3 shows the mean body weight of all experimental 
groups at time of surgery and the food intake response. Note 
that the first five groups listed averaged only one to two days 
of aphagia following surgery. Lesions directed to the ansa 
lenticularis (AL) resulted in more prolonged aphagia lasting 
slightly more than four days. None of the sham-operated or 
operated controls was aphagic. The latter consisted of nine 
chicks in which lesions missed the intended target and de- 
stroyed less than 50% of any of the six neural structures 
investigated in this study. The majority of experimental 
groups took five days to return to preoperative levels of food 
intake. Two groups which took longer to recover included 
the SCE and AL. Each required respectively, seven and 
eight days to return to preoperative levels of consumption. 
All sham-operated and a majority of the operated controls 
showed little affect from surgery, with respect to food in- 
take. 





HYPOTHALAMIC LESIONS AND FEEDING IN CHICKS 


TABLE 3 
FOOD INTAKE OF EXPERIMENTAL GROUPS FOLLOWING SURGERY 





Body Weight Days 
at Surgery (g) Aphagic 


Experimental 
Groups (n) 


Food Intake Before and After Operation (g)* 





Lateral hypothalamus 1.6 + 1.2 
(5) 

Quinto-frontal tract 
(8) 

Stratum cellulare 
externum (4) 

Nucleus reticularis 
superior (6) 

Nucleus intercalatus 
(5) 

Ansa lenticularis 
(7) 

Operated controls 
(9) 

Sham-operated controls 
(4) 





Data presented as Mean + S.E.M. 


*Daily food intake measured until intake after surgery returned to preoperative levels ( 


Since body weight at time of operation and preoperative 
food intake were quite variable both within and between 
experimental groups and controls (Table 3), it was decided to 
compare body weight response following surgery expressed 
as a percent change from preoperative levels. Postoperative 
body weight changes in all groups are shown in Figs. 2 and 3. 

Note the marked decrease in body weight 1-2 days post- 
surgery in the experimental groups with the AL one showing 
the most pronounced weight loss. Initial aphagia is followed 
by a rapid recovery of weight deficits in all experimental 
groups. Again the AL group appeared to respond differently 
by taking a longer period to recover lost body weight. When 
the greatest percent weight loss and the number of days 
taken to obtain the lowest weight value is computed per bird, 
results are shown in Table 4. First note the data of sham- 
operated and operated controls. As two-week old chicks are 
rapidly growing during this phase of development, all sham- 
operated and a majority of the operated controls registered a 
weight gain even the first day after surgery. This accounts 
for the positive values shown by the two control groups in 
Table 4. It is clear (Table 4) that chicks in all experimental 
groups lost significantly more body weight than sham- 
operated controls. Likewise, analysis of variance of the data 
(Table 4) for the six treatment groups and operated controls 
gave a significant F, (F=5.81, p><0.01) suggesting that exper- 
imental groups responded differently from operated con- 
trols. Therefore the anesthetic, surgical opening of the cal- 
varium, lowering the electrode into the brain and lesioning 
some neural tissue (as occurred in the operated controls) 
have minimal effects with respect to an expected body 
weight increase in rapidly growing chicks. 

Mean data in Table 4 show that AL birds lost the greatest 
amount of body weight following surgery. An analysis of 
variance of the weight loss data in Table 4 was performed 


1=day prior to surgery). 
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FIG. 2. Percent change in body weight from time of surgery follow- 
ing lesions to three brain structures: RS=Nucleus reticularis 
superior, LHy=Lateral hypothalamic area, SCE=Stratum cellulare 
externum. Numbers in parentheses refer to sample sizes. 
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FIG. 3. Percent change in body weight from time of surgery follow- 
ing lesions to three brain structures: QF=Quinto-frontal tract, 
ICT=Nucleus intercalatus, AL=Ansa lenticularis. Numbers in pa- 
rentheses refer to sample sizes. 


among the AL group and the three groups (QF, SCE and 
LHy) sustaining lesions to brain structures thought to be 
important for controlling food intake in birds. However, an 
insignificant F was obtained, (F=2.09, p>0.05). Nonethe- 
less, the body weight response (Fig. 3) of the AL group 
suggested that bilateral destruction of the ansa lenticularis 
effected the most prolonged aphagia. Therefore a second 
experiment was conducted to explore neural structures 
about the AL to determine if permanent aphagia could be 
obtained in growing chicks. 


EXPERIMENT 2 


The purpose of the experiment was to bilaterally lesion 
the AL in the posterior hypothalamus and midbrain in an 
attempt to effect permanent aphagia in growing chicks. 


METHOD 


The surgical and histological procedures were the same as 
in Experiment |. Sixteen chicks, 2'/2 weeks of age, served as 
experimental animals. 


RESULTS 


Body weight response of five chicks bilaterally lesioned at 
the cross-sectional level of the posterior hypothalamus and 
midbrain are graphed in Fig. 4. The most effective coordi- 
nates were: anterior-posterior, 4.5 mm; lateral, +1.7 mm; 
depth, 1.5 mm. All chicks had two characterisitcs in com- 
mon. Each had the AL bilaterally destroyed and each had at 
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FIG. 4. Percent change in body weight from time of surgery follow- 
ing lesions to the ansa lenticularis (AL), posterior nucleus of the 
ansa lenticularis (ALp), and quinto-frontal tract (QF). Each number 
refers to an individual bird. 


TABLE 4 


GREATEST PERCENT LOSS IN BODY WEIGHT 
FOLLOWING SURGERY 





Days taken 
Greatest % to obtain 
loss in maximum weight 
body weight loss 


Experimental 
Groups 





Lateral hypothalamus 
(LHy) 

Quinto-frontal 
tract (QF) 

Stratum cellulare 
externum (SCE) 

Nucleus reticularis 
superior (RS) 

Nucleus intercalatus 
(ICT) 

Ansa lenticularis 
(AL) —28.2 + 2.54 

Operated controls + 0.9 + 4.19* 

Sham-operated 
controls 


—§3.1 + 2 


+8.3 + 0.76* 





Data presented as Mean + S.E.M. 

*Some birds registered no weight loss following surgery. There- 
fore used day’s body weight showing least gain from date of opera- 
tion. 
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least one additional neural structure completely lesioned 
bilaterally. Effective lesions included complete destruction 
of the AL, QF and posterior portion of the LHy; AL and 
posterior nucleus of the AL (ALp); and AL, ALp and QF. 
Only one bird (bird no. 479) spontaneously started feeding 
again after surgery (Day 8, Fig. 4). 


GENERAL DISCUSSION 


In contrast to published data using the white rat [1], adult 
chicken [3,10], pigeon [15,16], and Barbary dove [14], bilat- 
erally lesioning the lateral hypothalamic area (LHy) quinto- 
frontal tract (QF) or stratum cellulare externum (SCE) did 
not lead to persistent aphagia in the growing broiler chick. 
Lesioned chicks displayed transient aphagia lasting 1-2 days 
and rapidly recovered lost body weight. 

More prolonged aphagia was obtained when the ansa len- 
ticularis (AL) was destroyed. Permanent aphagia occurred in 
chicks only when the following combination of neural struc- 
tures were completely destroyed bilaterally: AL, QF and 
posterior portion of the LHy; AL and posterior nucleus of 
the AL (ALp); and AL, ALp and QF. 

It should be noted that in past studies in the chicken [3] 
and Barbary dove [14] where photomicrographs or schema- 
tic diagrams were included, the AL and ALp appear to be 
lesioned also. Perhaps this can account for the apparent 
differences in the degree of aphagia between the experi- 
mental birds in those studies and chick data presented here- 
in. Discrepancies in food intake between pigeons and 
chicks following lesions to the quinto-frontal tract cannot be 
reconciled at this time. Perhaps the young chick has more 
plasticity in its nervous system and can utilize redundant 
neural circuits when its neurosensory control of consum- 
matory behavior is disrupted. However, unpublished data 
using adult hens (Knipling and Kuenzel, 1979) suggest that 
the mature chicken also displays transient aphagia (1-2 days) 
after destruction of the QF. The QF is an afferent component 
of a network of neural structures controlling mandibulation 
[16]. Therefore the pigeon may depend more on sensory- 
motor control of the buccal cavity for controlling feeding 
behavior than does the chicken. 

Positive results, that is persistent aphagia, were obtained 
in this study only when major damage was inflicted to the 
ansal system (ALS). An analysis of the comparative anat- 
omy of the mammalian and avian ALS suggests why ALS 
lesions affected feeding behaviour in chicks. The ansa len- 
ticularis is the major efferent pathway from the paleo- 
striatum primitivum, the avian homologue of the globus pal- 
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lidus of mammals [4]. The paleostriatum primitivum is in 
turn an important component of the avian basal ganglia (BG) 
[2]. The BG are characterized as containing significant 
quantities of catecholamines both in birds and mammals and 
are important in modulating or controlling motor activity [4, 
9, 12]. In mammals the BG receive, via the neostriatum, an 
important pathway from the midbrain called the nigrostriatal 
bundle. Dopamine-containing neurons of the bundle if inter- 
rupted or depleted of dopamine will cause aphagia and 
akinesia in rats [12]. 

Chicks which sustained bilateral lesions of the AL and 
ALp were both akinetic and aphagic. The chicks therefore 
displayed behavior similar to that of mammals which at the 
level of the far lateral hypothalamic area had catechola- 
minergic fibers depleted of dopamine. Such fibers are known 
to connect the midbrain tegmentum or substantia 
nigra to the basal ganglia residing in the forebrain. Morgane 
[8] in an extensive study of the medial forebrain bundle 
(passes through the lateral hypothalamic area) concluded 
that it was not critical for regulating feeding behaviour. He 
implied that fiber systems, probably from the globi pallidi, at 
the level of the so-called *‘feeding’’ center in mammals were 
critical elements in the maintenance of normal consumatory 
responses [8]. In birds, the major fiber system emerging from 
the paleostriatum primitivum (globus pallidus) and passing 
through the lateral hypothalamic-thalamic area is the ansa 
lenticularis. 

In conclusion, chicks which receive bilateral lesions to 
the AL and ALp are rendered aphagic. However, severe 
motor deficits occur as well, which may be the primary effect 
of the surgery. It is clear that the ansal system is but one 
component of a complex neural network regulating feeding 
in birds. To elucidate its specific role in regulating food in- 


take, a battery of neurological tests should be administered 
to chicks to document sensory and motor deficits following 
lesions and to determine the effect of such lesions on cate- 
cholamine pathways in the brain. The former is particularly 
relevant in light of data from lesioned mammals showing 
clear sensorimotor impairments responsible for the initial 
stages of aphagia after lateral hypothalamic damage [7]. 
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LARUE-ACHAGIOTIS, C. AND J. LE MAGNEN. Fffects of short-term nocturnal and diurnal food deprivation on 
subsequent feeding in intact and VMH lesioned rats: Relation to blood glucose level. PHYSIOL. BEHAV. 28(2) 245-248, 
1982.—Ad lib feeding responses were studied in VMH lesioned rats, following 2 to 6 hours of food deprivation during the 
dark and the light phases of the diurnal cycle. The correlation between glucose level at the time of restoration of food and 
these feeding responses was examined. At night, VMH as well as intact rats increased their food intake significantly 
following 2 to 6 hours of food deprivation. In both groups, the responses were correlated with a decrease in blood glucose 
which was dependent on the duration of previous food deprivation. During the day, in normal rats, food deprivation did not 
induce a change either in subsequent food intake or in blood glucose level. On the contrary, VMH lesioned rats increased 
their food intake following diurnal food deprivation as they did at night. But, surprisingly, this increase was not associated 


with a fall of blood glucose. 


Food deprivation Blood glucose 


IT is well documented that damage to the VMH produces 


hyperphagic animal increases its normal 24 hour food intake 
by a factor of 2 or more and this hyperphagia is associated 
with a body weight gain. Typically, nocturnal intake is mod- 
erately increased while diurnal intake is augmented consid- 
erably and becomes nearly identical to the nocturnal one [1, 
7, 17]. Along with this disappearance of the feeding cycle, 
the metabolic and neuroendocrine rhythms (lipolysis- 
lipogenesis, hypoinsulinism-hyperinsulinism) also disappear 
in VMH-lesioned rats [4,11]. 

In a previous study, it was demonstrated that normal rats 
behave differently at night or during the day when free ac- 
cess to food was restored after a short deprivation period [9, 
10, 12]. At night, the size of the first meal increased as a 
function of previous fast duration and was related to plasma 
glucose (PG) and plasma free fatty acids (PFFA) levels de- 
termined immediately prior to the first meal. During the day, 
neither the size of the first meal nor PG and PFFA were 
affected by 2 to 6 hours of food deprivation. It was of interest 
to study the parallel metabolic and behavioral changes in- 
duced by a short fast in VMH lesioned rats in which the 
diurnal periodicity of feeding and its metabolic background 
are abolished. Evidence has been provided by Panksepp [14] 
for the lack of increase of food intake following 0.5 to 24 hour 
deprivation time in VMH lesioned rats. 

In the present study, VMH lesioned rats were examined 


VMH lesioned rats 


Diurnal cycle 


for their ad lib feeding responses to 2 to 6 hours of food 
deprivation, during nocturnal and diurnal periods, and these 
responses were correlated to blood glucose levels at the time 
of restoration of food access. 


METHOD 


Adult female Wistar rats were used. They were individu- 
ally housed in Plexiglas cages and placed in a quiet room 
where a 12 hour dark-light cycle was monitored. They had 
free access to water and to their familiar powdered diet ex- 
cept when otherwise indicated. Their feeding pattern was 
continuously recorded using a food cup weighing device 
made of a strain-gauge electric microbalance which 
produced a 4 mm deflexion of the script recorder per gram. A 
meal was defined as a feeding episode preceded and followed 
by at least 40 min of no feeding [13]. 


Surgery 


Surgery was performed under ether anesthesia. Bilateral 
electrolytic lesions of the ventromedial hypothalamus were 
produced by passing a 2 mA anodal current for 20 seconds at 
the uninsulated tip of a stainless steel electrode. 

The stereotaxic coordinates were: 6 mm anterior to the 
ear bar, 0.7 mm lateral to the sagittal sinus and 0.6 mm up 
from the base of the brain. 

At the end of the experiment, VMH lesioned rats were 
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perfused with saline and 10% Formalin. Frozen sections of 
50 « were taken to assess the extent and location of tissue 
destruction. Histological examination showed that all hyper- 
phagic rats had sustained bilateral damage in the VMH nu- 
clei and sometimes extending to the surrounding tissues, but 
the lesions did not reach the suprachiasmatic nuclei. 


Blood Glucose Determination 


Blood samples were taken from the vein of the tail. The 
tail was cut superficially with a blade. Twenty-five ul of 
blood were drawn with a Syringepet and introduced im- 
mediately in the glucose analyzer. This glucose analyzer 
uses an oxidase enzyme hydrogen peroxide sensor which is 
highly specific for glucose. Development of this technique 
allows direct readout of glucose concentrations in whole 
blood. 


Experiment | 


A group of 20 intact rats, weighing 243.4+3 g and a group 
of 20 rats (261.1+4.7 g before surgery) lesioned 5 days before 
the first test (i.e., tested in the acute dynamic phase) were 
used. The two groups of rats were divided into 2 sub-groups. 
A day sub-group was maintained on a normal cycle (10 
a.m.—10 p.m. light); a night sub-group was maintained on a 
reverse cycle (10 a.m.-10 p.m. dark). The effects of short- 
term food deprivation on subsequent food intake were in- 
vestigated. The restoration of food at 4 p.m. (time t: middle 
of light or dark period) was preceded by the removal of the 
food cup for 0, 2, 4 or 6 hours. The various fast durations 
were presented at random, in successive tests, 2 or 3 days 
apart. 

Subsequent ad lib intake was recorded during the 6 re- 
maining hours and continued over the following light or dark 
period. 


Experiment 2 


A group of 20 rats (the same as in the first experiment) 
and a new group of 18 VMH-lesioned rats were used. It was 
necessary to use a new lesioned group to ensure that rats of 
Experiment 2 were still in the same dynamic phase of hyper- 
phagia as in Experiment |. They were also assigned to night 
and day sub-groups and submitted to the same schedules of 
food deprivation. At time t (4 p.m.), rats were taken from 
their home cage for blood sampling for the purpose of glu- 
cose evaluation. 2 or 3 days were allowed between succes- 
sive tests. An examination of food intake shows that blood 
sampling affects mainly the size of first meal and for some 
rats the 2 hour intake. For this reason, behavioral data (Ex- 
periment 1) and blood samples (Experiment 2) have been 
collected on separate groups. 


RESULTS 
Experiment | 


The results were analyzed in terms of 2 hr and 6 hr 
cumulative records of food intake and the size of the first 
meal following the reintroduction of food cups. At night, in 
the normal group, a significant increase of food intake was 
observed following 2, 4 or 6 hours of food deprivation for 
both the first 2 hours, F(3,35)=13.2, p<0.001, and 6 hrs, 
F(3,35)= 14.6, p<0.001 (Fig. 1). The first meal increased as a 
function of the total time of food deprivation (i.e., the total 
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FIG. 1. Two hour (shaded bars) and 6 hour (whole bars) food intake 
following 0, 2, 4, 6 hours of food deprivation in intact (left side) and 
VMH (right side) rats, during day and night periods. 


time elapsed since the last spontaneous meal) (r=0.67, 
p<0.01) (Fig. 2). 

During the day, in the normal group, no augmentation of 
food intake was observed as a function of the previous fast 
duration either for the 2, F(3,35)=0.32, n.s., or for the 6, 
F(3,35)=0.17, n.s., following hours (Fig. 1). The size of the 
first meal was not affected (r=0.19, n.s.) (Fig. 2). By con- 
trast, VMH lesioned rats exhibited an identical increase in 
food intake following short-term deprivation during dark and 
light periods. A significant and almost identical increase in 
food intake as a function of previous fast duration was ob- 
served for both the 2 hr and 6 hr cumulative intakes at night 
and during the day (night 2 hr: F(3,35)=19.8, p<0.001; 6 hr: 
F(3,35)=17.6, p<0.001; day 2 hr: F(3,35)=18.2, p<0.001; 6 
hr: F(3,35)=10.3, p<0.001) (Fig. 1). The percent increase 
was similar after each fast duration during the 2 periods. At 
night, this increase was also identical to that observed in 
intact controls during the same period. The size of the first 
meal increased as a function of actual food deprivation time 
in both periods (night r=0.75, p<0.001; day r=0.72, 
p<0.001) (Fig. 2). 


Experiment 2 


At night, in the intact group, blood glucose levels meas- 
ured at time t (time of restoration of food access) decreased 
from the 2 hours of food deprivation as a function of the 
duration of previous fasting, F(3,35)=12.2, p<0.001. 

During the day, the same group did not show any signifi- 
cant variation of blood glucose as a function of fasting time, 
F(3,35)=1.02, n.s. 
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FIG. 2. Size of the first meal (mean+SE) following 0, 2, 4 or 6 hours 
of food deprivation during day and night in intact and VMH rats. 
*0.001<p<0.01; n.s.=not significant. 


The same patterns were observed in VMH rats. At night, 
an identical decrease in blood glucose level was observed as 
a function of food deprivation, F(3,27)=7.64, p<0.001. Dur- 
ing the day, increasing the duration of food deprivation did 
not induce any significant variation of blood glucose at time 
t, F(3,32)=0.48, n.s. (Fig. 3). 


DISCUSSION 


Thus, contrary to intact controls, VMH lesioned rats re- 
spond similarly to diurnal or nocturnal food deprivation. 
They exhibit an identical time related increase in food intake 
following 2 to 6 hours of fasting during the day or during the 
night. But surprisingly in VMH, as well as in intact rats, 2 to 
6 hours of food deprivation induce a time-dependent fall of 
blood glucose level at night but not during the day. 

Evidence has been accumulated showing that all the 
neuroendocrine, metabolic and feeding characteristics of the 
diurnal 12 hours in normal rats disappear after the VMH 
lesion [4, 11, 15, 17]. Lipolysis, low rate of glucose utiliza- 
tion and hypophagia that are normally present during the day 
are replaced after the lesion by lipogenesis, high rate of glu- 
cose utilization along with a feeding pattern similar to that 
exhibited by normal rats at night. The unresponsiveness of 
normal rats to short-term food deprivation during the day 
had already been reported in male rats [9]. It was replicated 
here in females and was not surprizing. Intact rats, free fed 
during the light period, eat very little or nothing during the 
first 4 to 5 hours. Thus, their subsequent intake could not be 
expected to change after food removal, at the beginning of 
the period. 


BLOOD GLUCOSE 


NIGHT 
rats VMH lesioned rats 


Wa 


4h 


100m! 
™9/ 00m Intact 





mg/100mi 
intact rats VMH lesion 


nnn 
Ji 


6h food deprivatior 


ed rats 





FIG. 3. Blood glucose levels after 0, 2, 4, 6 hours of fast duration, 
during the night and during the day in intact and VMH lesioned rats 


This daytime hypophagia has been interpreted as an effect 
of prevailing mobilization and oxidation of body fats and of 
the consequent sparing of glucose utilization. It was thought 
that the constant blood glucose level under food deprivation 
occurring at the beginning of the period was also an effect of 
this metabolic background. 

When hyperphagia is prevented in lesioned rats by remov- 
ing food for the first hours of the day, it is presumed that 
lipogenesis is also prevented and replaced by fasting 
lipolysis. The metabolic conditions of intact rats being so 
reestablished could be a cause of the stable blood glucose 
level observed during food deprivation. Thus, when food 
access is restored, the increase of subsequent intake over the 
level observed when the same rats are fed since the begin- 
ning of the period, is not due to a fall in blood glucose. Like 
the nocturnal hyperphagia, it is presumably a secondary ef- 
fect of the diversion of ingested metabolites towards fat syn- 
thesis which prevails throughout the 24 hours in VMH rats. 

Over the 6 hours, that follow this short fasting, hyper- 
phagia is similar to that exhibited by hypothalamic obese rats 
which, after long-term fasting and weight loss, resume a 
dynamic phase of hyperphagia at the restoration of free ac- 
cess to food [6,8]. 

Contrary to what is seen during the day, 2 to 6 hours of 
food deprivation at the beginning of the night induce a fall of 
blood glucose in lesioned rats similar to that observed in 
intact rats. These similar responses in intact and VMH rats 
during the nocturnal period could be the result of a similar 
neuroendocrine and metabolic pattern, which is only 
amplified after the lesion. During this period, the prevention 
of hyperphagia by removal of food in VMH rats is followed 
by compensatory increase of subsequent intake which is also 
identical to that observed in normal rats. 

The different responses of intact and lesioned rats ob- 
served only during the day might be considered new evi- 
dence that the VMH lesion disrupts profoundly the mech- 
anism involved in diurnal regulator lipolysis and hypophagia. 
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However, this disruption which in general makes the day- 
time neuroendocrine and metabolic background identical to 
the present at night, spares a nvcthemeral difference: blood 
glucose level observed after food deprivation is decreased at 
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night and maintained during the day. This could be an indi- 
cation that the triggering of lipolysis by fasting which con- 
tributes to delay the fall of blood glucose under food depri- 
vation remains facilitated during the day despite the lesion. 
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PHYSIOL. BEHAV 


28(2) 249-251, 1982.—The present study investigated the involvement of endogenous opioid mechanisms with the immobil- 
ity response induced in mice by forced swimming. Pretreatment with the narcotic antagonist naloxone (0.625—40.0 mg/kg) 
caused a dose-dependent decrease in the duration of immobility in mice subjected to a 10 min swim test. This effect was 
more pronounced in C57BL/6J mice than in BALB/C mice. A low dose of morphine (0.15 mg/kg) potentiated immobility 
whereas higher doses (0.625/10.0 mg/kg) had no demonstrable effect on immobility in these strains. The results suggest that 
release of endogenous opioids may be a physiological event promoting natural cataleptic-like behaviors in mice 


Endogenous opioids Forced swimming 


THE opioid peptide B-endorphin is synthesized and stored in 
the pituitary gland and brain and is released in significant 
quantities mainly in response to stress [l, 5, 15, 27]. 
Intracerebral administration of small amounts of this peptide 
elicits powerful catalepsy in rats [8]. This effect involves 
interaction with specific opiate receptors as evident from the 
blockade effects produced by the narcotic antagonist 
naloxone. It is of interest to determine if activation of opiate 
receptors by naturally released endorphins, as in stress, is a 
physiological event promoting catleptic-like behaviors in ro- 
dents. 

Endorphin-like catalepsy in rats has been reported follow- 
ing exposure to invasive stress procedures such as electric 
foot shock, electroconvulsive treatment and immersion in 
cold water [18, 19, 28] and in mice following repeated pinch- 
ing to the scruff of the neck [2,24]. Forced swimming, a 
relatively non invasive stress procedure widely used in 
animal experimentation [11], elicits in rats and mice a 
profound state of behavioral inhibition resembling catalepsy 
(also known as “‘behavioral despair’’). Typically, when 
placed in a water tank from which they cannot escape 
animals rapidly cease to struggle and become completely 
immobile displaying only those movements that enable them 
to float above the water [26]. The present study investigated 
the involvement of endogenous opiate systems with swim- 
induced immobility by assessing the effect of naloxone and 
morphine on this response in CS7BL/6J and BALB/C mice. 
These mice strains have previously been shown to differ 
significantly in sensitivity to the analgesic and motor activat- 
ing effects of opiate agonists [23,30] but not in concentra- 
tions of brain opiate receptors [6]. 


Tonic immobility 


METHOD 


Mice (8-9 weeks old) were brought into the laboratory 5 
days preceding the experiment. They were housed 10 per 
cage in a room at 22°C with light-dark cycles of 07.00/19.00 
hr light and had free access to food and water. The mice 
(n=8/group) were injected intraperitoneally with saline (0.2 
ml/mouse) or one of four doses of naloxone (0.625, 2.5, 10.0, 
40.0 mg/kg) or morphine (0.15, 0.625, 2.5, 10.0 mg/kg). Ten 
or 20 min later (for naloxone or morphine respectively) they 
were placed in a cylindrical Plexiglas water tank 16 cm in 
diameter, 20 cm high, containing 22°C water. The duration of 
immobility exhibited by mice in the water was recorded au- 
tomatically over a 10 min period as previously described 
[26]. Testing took place in the afternoon hours (13.00-17.00 
hr). 


RESULTS 


Saline-treated CS7BL/6J and BALB/C mice exhibited 
equally strong immobility during forced swimming, lasting 
over 60% of the 10 min testing period. Naloxone pretreat- 
ment decreased the duration of immobility inside the water 
in a dose dependent fashion in both strains, F(4,79)=32.15, 
p<0.001 (Fig. 1). This effect was significantly stronger in 
CS7BL/6J mice, F(1,79)=13.89, p<0.001. A low dose of 
morphine (0.15 mg/kg) increased immobility duration in 
CS7BL/6J and BALB/C mice (Fig. 2). Higher doses of mor- 
phine did not significantly affect the immobility response. 
Overall, there was a _ significant treatment effect, 
F(4,79)= 14.45, p<0.001, but no significant strain difference 
was found. 


Copyright © 1982 Brain Research Publications Inc.—0031-9384/82/020249-03$03.00/0 








T T 
a O BALB/C 


6— 
a 


@ C5/7BL/6J 





Immobility Time (sec.) 








n ! 
O 0625 25 I00 400 
NALOXONE (mg/kg) 


FIG. 1. Effect of naloxone on immobility during forced swimming 
(10 min) in CS7BL/6J and BALB/C mice (n=8/group). The symbols 
and vertical lines represent means+SEM of immobility duration. 
Asterisks indicate significant difference (9 <0.05) from the respec- 
tive saline treated groups (Dunnett’s test). 


DISCUSSION 


The finding that naloxone attenuates swim-induced im- 
mobility in mice suggests the involvement of endorphin 
mechanisms in the expression of this response. However, 
the fact that even extremely high doses of naloxone failed to 
completely abolish the immobility response indicates that 
non opiate factors interact in this behavioral effect as well. 
Forced swimming elicited equally strong immobility in 
saline-treated CS7BL/6J and BALB/C mice. In contrast, 
naloxone’s effect on the immobility response was stronger in 
C57BL/6J mice. The insensitivity of BALB/C mice to low 
doses of naloxone in the present study is in accord with a 
previous report on the lack of effect of a low dose of the 
narcotic antagonist naltrexone on swim-induced immobility 
in this strain [29]. Differences in naloxone sensitivity be- 
tween C57BL/6J and BALB/C mice were not due to strain 
variation in stereospecific binding of the narcotic antagonist 
to brain opiate receptors [6]. Alternatively, it could be a 
function of variation in the amount of endorphin released 
during swimming or the amount which is required for the 
induction of immobility in the two strains. CS7BL/6J and 
BALB/C mice differ in emotional reactivity as determined in 
the open field test; CS7BL/6J mice designated ‘‘unemo- 
tional’’ score high whereas BALB/C mice designated ‘‘emo- 
tional’? score low in this test [4]. Possibly, the amount of 
endorphin released in these animals in response to stress or 
the amount needed to produce biological effects may corre- 
late with these behavioral traits. 

Opiate mechanisms also interact with tonic immobility, a 
state of behavioral inhibition, produced in many animal spe- 
cies by brief manual restraint [13], and with pinch-induced 
catalepsy in mice [3]. These cataleptic behaviors resemble 
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FIG. 2. Effect of morphine on immobility during forced swimming 
(10 min) in CS7BL/6J and BALB/C mice (n=8/group). The symbols 
and vertical lines represent means+SEM of immobility duration. 
Asterisks indicate significant difference (p<0.05) from the respec- 
tive saline treated groups (Dunnett's test). 


swim-induced immobility in that all three responses serve 
adaptive functions in life threatening situations [14, 16, 24, 
31]. Moreover, as with swim-induced immobility these re- 
sponses are significantly attenuated by naloxone. The dose 
of naloxone reported to decrease the duration of tonic im- 
mobility in rabbits (i.e., 15 mg/kg) [10] greatly exceeds the 
doses attenuating swim-induced immobility in the two mice 
strains tested (<10 mg/kg). Lower doses of naloxone failed 
to affect tonic immobility in rabbits, guinea pigs and chick- 
ens [12, 22, 25, 32]. In contrast, the dose of naloxone effec- 
tively blocking pinch-induced catalepsy in C,;Heb mice (<1.0 
mg/kg) [2] is well below the dose required to attenuate swim- 
induced immobility. These variations may be due to strain or 
species differences in naloxone sensitivity. However, the 
particular opiate mechanism(s) interacting with these behav- 
ioral effects may also differ. 

Most doses of morphine (0.625-10.0 mg/kg) failed to sig- 
nificantly affect swim-induced immobility in the two strains 
of mice. Comparable doses of morphine have been previ- 
ously reported to greatly potentiate tonic immobility [10, 17, 
22, 25, 32], and pinch-induced catalepsy in mice [2]. How- 
ever, morphine possesses intrinsic cataleptic effects which 
are magnified by stress [7,21]. Failure of morphine to in- 
crease immobility duration in mice may be due, in part, to 
the profound excitatory motor effects produced by this agent 
in most strains of mice [23,30]. Such action is likely to coun- 
teract or mask the cataleptic effect of morphine. Consistent 
with this interpretation is the finding that an extremely low 
dose of morphine (0.15 mg/kg) which probably has no signifi- 
cant excitatory actions potentiated the immobility response 
induced by forced swimming in the two strains. This further 
implicates opiate mechanisms with swim-induced immobility 





ENDOGENOUS OPIOIDS AND IMMOBILITY 


in mice. There were no strain differences in the effect of the 
low dose of morphine on the immobility response. This is in 
contrast to the differences in the excitatory action of mor- 
phine in these strains [23,30]. Interestingly unlike morphine 
B-endorphin, the opioid peptide presumably mediating nat- 
ural catalepsy has no excitatory actions when administered 
intravenously in mice [9]. In rats, intraperitoneal injections 
of B-endorphin (24 hours, 4 hours and | hour before testing) 
decreased the duration of swim induced immobility. Other 
opioid peptides potentiated swim-induced immobility in rats 
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whereas MIF-I, a hypothalamic tripeptide with opiate 
antagonistic-like properties, attenuated this response [20]. 

The present findings suggest the involvement of endoge- 
nous opiate mechanisms in the immobility response elicited 
in mice by forced swimming. There is also evidence that 
endorphins interact with tonic immobility and pinch-induced 
catalepsy in mice [2, 3, 10]. Collectively these findings 
suggest that endogenous opioids are potential activators of 
intrinsic systems of movement suppression, which serve in 
the elaboration of cataleptic-like behaviors in animals. 
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JORDAN, W. P. AND R. N. LEATON. Startle habituation in rats after lesions in the brachium of the inferior colliculus 

PHYSIOL. BEHAV. 28(2) 253-258, 1982.—Bilateral interruption of the primary ascending auditory pathway at the level of 
the brachium of the inferior colliculus (BIC) did not affect short- or long-term habituation of the startle response provoked 
by auditory stimuli. Animals with BIC lesions and control animals exhibited comparable habituation following manipula- 
tions of stimulus intensity, inter-stimulus interval, and intensity of background noise, although animals with lesions in the 
BIC were more responsive than controls to auditory stimuli and to tactile stimuli. The integrity of the primary auditory 
pathway above the inferior colliculus is not necessary for short- or long-term habituation of the acoustic startle response ; 


Habituation Brachium of the inferior colliculus 


THE acoustic startle response is one of the most commonly 
studied response systems in theoretical and parametric 
studies of habituation. The 6-8 msec latency of the response 
indicates that the primary startle circuit is simple, probably 
consisting of no more than three to five synapses [4]. Ac- 
cumulating evidence suggests that the pathway for the 
acoustic startle response leaves the ascending auditory 
pathway at or prior to the inferior colliculus (IC), enters the 
pontine reticular formation, and descends to motor centers 
via the reticulospinal tract (see [19] for a recent review). 
Lesions in the pontine or medullary reticular formation lead 
to a severe attenuation of startle responsiveness and may 
attenuate habituation of the response to rapidly presented 
stimuli [10, 12, 19]. Habituation which occurs during rapid 
stimulus presentations and which recovers spontaneously 
when stimulation ceases has come to be called short-term 
habituation [23]. 

Another, more persistant, form of habituation occurs 
when animals are tested repeatedly over days. Long-term 
habituation of the acoustic startle response is independent of 
the short-term habituation process [2, 17, 18]. A common 
hypothesis assumes that long-term habituation involves 
forebrain structures [1, 9, 11], but there is no strong evidence 
to support or refute this hypothesis. 

If structures rostral to the IC are involved in habituation 
of the acoustic startle response, interruption of the ascending 
auditory pathway may impair habituation of this response. 
The brachium of the inferior colliculus (BIC) lies between 
the IC and higher auditory centers in the serially organized 
ascending auditory pathway [13]. Interruption of the BIC 
abolishes click-evoked responses recorded from the medial 
geniculate nucleus and auditory cortex [8]. Only one study of 
the effects of BIC lesions on habituation of a behavioral 
response has been reported. Sharpless and Jasper [22] found 


Startle reflex 


that habituation of the EEG arousal response to auditory 
stimuli remained following BIC lesions in cats, but the 
threshold of the response was elevated and its frequency 
specificity disrupted. 

The present study assessed the contribution of the pri- 
mary auditory pathway rostral to the IC to the evocation of 
the acoustic startle response. The effects of bilateral inter- 
ruption of the BIC at midbrain levels on both the short- and 
long-term habituation of the startle response also was as- 
sessed. For a more complete empirical picture of the effects 
of BIC lesions on acoustic startle responsiveness, animals 
were tested following manipulations of stimulus intensity, 
inter-stimulus interval (ISI), and background noise intensity. 
Finally, startle responsiveness to a tactile stimulus was 
examined to test responsiveness within a second stimulus 
modality. 


METHOD 
Subjects and Surgery 


Twenty-six experimentally naive male albino rats 
(Holtzman), 90-100 day old at the time of surgery, were 
individually housed, maintained on a 14:10 hr light-dark cy- 
cle, and allowed ad lib access to food and water. 

Stereotaxic surgery was performed with the aid of a 
headholder similar to that described by Frommer [7] which 
did not require the use of ear bars. Surgery was performed 
under clean, but not aseptic, conditions under sodium pen- 
tobarbital (55 mg/kg) anesthesia. Atropine (25 mg/kg) was 
administered prior to surgery to reduce mucous secretion. 

Following the atlas of Pellegrino and Cushman [21], the 
BIC was interrupted bilaterally in 13 animals by lowering a 
scalpel blade sliver (1.0 mm wide) in the coronal plane to a 
depth of 8.0 mm relative to bregma (AP: —5.2 mm, L: 2.8 
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mm), moving the bloade laterally 0.5 mm, and then retracting 
the blade. The remaining 13 animals, serving as controls, 
were anesthetized and placed in the stereotaxic instrument, 
their skulls were bared, but no holes were drilled in the skull. 


Histology 


At the conclusion of the experiment, animals were per- 
fused intracardially with normal saline followed by 10% 
Formalin. The brains were removed and placed in Formalin 
for at least 24 hr. Frozen sections (50 microns) were made 
through the extent of the lesion. Every third section was 
mounted and stained using the Kliiver-Barrera technique. 


Apparatus 


The apparatus has been described previously [18]. 
Briefly, animals were tested in a 20x12x14 cm startle 
chamber enclosed within a dimly illuminated, sound- 
attenuating box. Vertical displacement of the chamber 
moved an attached magnet within a fixed coil, inducing a 
voltage which was amplified, integrated (Grass Model 7P10), 
and recorded on paper by a Grass Model-7 Polygraph. The 
integrated output was adjusted to reset to baseline each sec- 
ond. Stimulus presentations were locked to the reset. Startle 
amplitude was measured as the difference between the integ- 
rator amplitude in mm, for the 1-sec period before and after 
stimulus onset. (Unpublished data from this laboratory have 
shown similar results with integrated samples as short as 200 
msec and with peak-to-peak measures of responsivenss.) 

A 9 cm piezo-electric tweeter (Herald Electronics, 
S-864A) was centered 12 cm from the long wall of the satrtle 
chamber. Continuous white noise (72 dB SPL during all ses- 
sions in which background intensity was not manipulated) 
masked extraneous auditory stimuli. All test stimuli were 
superimposed upon the background of noise. Stimulus and 
background intensity were measured with a General Radio 
Sound-Level meter (Type 1551-C, 20-kHz setting) with the 
microphone centered inside the startle chamber. 

Tactile stimuli were air puffs delivered through a 2 mm 
diameter nozzle mounted approximately 20 cm above the 
animal’s back. The air puffs were produced by the manual 
release of a clamp on a rubber tube which was connected to 
the nozzle and inflated to 24 psi. 


Procedure 


At least | wk after surgery, each animal received three 
consecutive days of pre-eposure to the test chamber (2-5 
min sessions). On each of the following two days, each 
animal received 20 presentations of a 10-kHz, 107-dB SPL, 
l-sec duration pure tone on a fixed, 15-sec ISI during a 
6.5-min session. (ISI length was measured from the offset of 
one stimulus to the onset of the next.) The first stimulus 
presentation for this and all subsequent sessions occurred 60 
sec into the test session. Forty-eight hr following these two 
sessions, each animal received 20 presentations of a white 
noise burst (1 sec duration, 120 dB SPL) on a 15-sec ISI in 
one 6.5-min session. 

Over the next 31 days, testing continued with presenta- 
tions of the white noise stimulus at several stimulus inten- 
sities followed by several sessions which manipulated ISI. A 
total of four sessions were used to select a range of stimulus 
intensities and ISI’s for the parametric evaluation of these 
variables described below. The results of these prliminary 
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sessions will not be reported, as they are similar in every 
way to the data reported below. 

For the parametric evaluation of stimulus intensity and 
ISI, four stimulus intensities (96, 104, 112, and 120 dB SPL) 
were paired with four ISI’s (4, 8, 16, and 32 sec) creating 16 
[SI/Intensity pairs. Each pair was presented twice in a coun- 
terbalanced order in which each intensity followed every 
intensity once and only once and in which each ISI followed 
every ISI once only. Pairs of animals, one from each group, 
were formed and each pair began testing at a different posi- 
tion within the stimulus presentation sequence. The data 
from the first trial of this session were discarded, since the 
ISI preceding this first trial was longer than for any of the 
following 32 stimulus presentations. Each session was 11 
min long. 

Long-term retention of habituation to the 120 dB SPL 
white noise stimulus was assessed 6 days after the 
ISI/Intensity test session. No test stimuli were presented to 
the animals during the 6-day retention interval. This reten- 
tion test consisted of a single presentation of the white noise 
stimulus 60 sec after the animal was placed in the startle 
chamber. 

The final auditory stimulus session varied the intensity of 
the background white noise while holding the test stimulus 
intensity at 120 dB SPL. Four background intensities were 
used (45, 60, 75, and 90 dB SPL). Each background intensity 
was tested four times, in a counterbalanced order, on a 
15-sec ISI following an initial stimulus presentation (the data 
from which were discarded). The background intensity was 
changed immediately after each test stimulus presentation. 
Each animal pair began testing at a different position within 
the test sequence. Each session was 5 min long. 

In a final test session each animal received 10 tactile (air 
puff) stimulus presentations on a fixed 10-sec ISI during a 
5-min session. 


RESULTS 
Histology 


Damage to the BIC was maximal at the point where the 
BIC runs along the lateral margin of the midbrain (—5.0 to 
—5.4 mm posterior to bregma). Figure 1 is a diagrammatic 
summary of the damage to the BIC. Ten of the 13 aminals 
sustained complete transection of the BIC. Of the remaining 
three animals, two had complete damage to the BIC unilat- 
erally, with only partial damage to the other side. The third 
animal sustained only partial damage to the BIC bilaterally. 
Damage shown on the right side of Fig. 1 is typical of the 
extent of damage judged to be complete. The damage shown 
on the left side is typical of that judged to be partially de- 
stroyed. The variation in lesion size and placement was not 
sufficient to correlate lesion characteristics with startle re- 
sponsiveness. 

Except for the knife tracts through the cerebral hemi- 
spheres, extra-BIC damage was minimal. Lateral aspects of 
the IC immediately adjacent to the BIC sustained damge, but 
the more medial areas were spared. Damage to the reticular 
formation and lateral lemniscal tracts rarely occurred. When 
it did the damage was slight. 


Acoustic Startle, 10-kHz Stimulus 


Figure 2 shows the startle data from the first two test 
days. Analysis of variance on the first day found comparable 
habituation between the groups, as the trial main effect was 
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FIG. 1. Coronal reconstruction of maximum damage by knife-cut 
lesions of the brachium of the inferior colliculus. Right side of brain 
is typical of BIC damage judged to be complete, left side of brain is 
typical of damage judged to be partial. 


significant, F(19,456)=6.22, p<0.0001, but the group by trial 
interaction was not, F<1. The group difference was margin- 
ally significant, F(1,24)=4.09, p<0.06. On the second test 
day startle responses of both groups again habituated during 
the 20 stimulus presentations, F(19,456)=3.35, p<0.0001. 
The group, F(124)=2.33, p>0.13, and the group by trial, 
F<1, effects were not significant. 
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Retention of habituation across days was assessed by 
comparing the first trials on each of the first two test days. 
Both groups demonstrated robust long-term habituation, 
F(1,24)=16.60, p<0.001, as the control animals showed a 
32% decrease for the first trial of Day 1 to the first trial of 
Day 2 and the lesioned animals showed a 37% decrease. The 
group by trial interaction was not significant, F<1. 


Acoustic Startle, White Noise Stimulus 


Figure 3 shows the data for the 20 presentations of the 
white noise stimulus. The lesioned animals were consistently 
more responsive than controls across the 20 trials, 
F(1,24)=17.22, p<0.001. This difference in responsiveness 
did not affect habituation to the white noise stimulus. Both 
groups demonstrated comparable habituation as the trial ef- 
fect was significant, F(19,456)=16.58, p<0.0001, but the 
group by trial interaction was not, F<1. 


Acoustic Startle, 1SI-Intensity Series 


Figure 4 shows the effects of stimulus intensity and ISI on 
the acoustic startle responsiveness of lesioned and control 
animals. Analysis of variance found startle amplitudes to 
increase with stimulus intensity, F(3,72)=42.20, p<0.0001, 
and length of ISI, F(3,72)=9.08, »<0.0001. Furthermore, 
startle amplitudes increased most rapidly as ISI and stimulus 
intensity jointly increased, producing a significant ISI by in- 
tensity interaction, F(9,216)=2.19, p<0.03. The increases in 
startle amplitudes with increasing stimulus intensity [6,24] 
and increasing ISI [2, 15, 23, 24] are well documented. 
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FIG. 2. Mean startle amplitudes of lesioned and control animals to an auditory stimulus 
(10 kHz, 107 dB SPL) during two consecutive days (Days 1-2) of 20 trials/day on a 15-sec 
ISI in blocks of 2 trials. Isolated points to left in each panel represent responsiveness on 


first trial. 
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FIG. 3. Mean startle amplitudes of lesioned and control animals to 
an auditory stimulus (white noise, 120 dB SPL) for 20 trials on a 
15-sec ISI in blocks of 2 trials. Isolated points to left represent 
responsiveness on first trial. 


Overall, the lesioned animals were more responsive than 
controls, F(1,24)=6.02, p<0.03, and this difference in- 
creased as stimulus intensity increased, F(3,72)=4.51, 
p<0.01. All animals showed a decrease in responsiveness 
from the first to the second presentation of the ISI/Intensity 
pairs, F(1,24)=7.67, p<0.02, reflecting the process of short- 
term habituation within the test session. No other terms in 
the analysis were significant. 


Acoustic Startle, Long-Term Retention of Habituation 


Retention of habituation was assessed by comparing star- 
tle responsiveness on the first presentation of the white noise 
stimulus (Fig. 3, Trial 1) to that on the one stimulus presen- 
tation following the 6-day retention period. Control animals 
showed a 19% reduction in responsiveness between these 
two trials, compared to a 22% reduction in responsiveness in 
animals with BIC lesions. Analysis of variance found signifi- 
cant retention of habituation, F(1,24)=10.60, p<0.01, and 
the groups showed a comparable degree of retention, as the 
interaction was not significant, F<1. 
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Acoustic Startle, Background Intensity Session 


The effects of the manipulation of background white noise 
intensity are shown in Fig. 5. Both groups responded simi- 
larly, as analysis of variance yielded a significant intensity 
effect, F(3,72)=6.60, p<0.001, but not a significant group by 
intensity interaction, F(3,72)=1.03, p>0.38. The lesioned 
animals were consistently more responsive than controls, 
F(1,24)=8.11, p<0.01. 


Tactile Startle 


Figure 6 shows the data for the 10 presentations of the 
tactile stimulus. Both groups showed significant habituation 
across trials, F(9,216)=3.95, p<0.0001. Animals with BIC 
lesions were significantly more responsive than control 
animals over the 10 trials, F(1,24)=4.20, p<0.05, but the 
group by trial interaction was not significant, F<1. 


DISCUSSION 


Bilateral interruption of the primary ascending auditory 
pathway at the level of the BIC did not affect habituation of 
the startle response provoked by auditory or tactile stimuli. 
Within each test session of the present experiment, animals 
with BIC lesions and control animals showed comparable 
short-term habituation, and no differences emerged when ISI 
and intensity were manipulated parametrically. Animals with 
BIC lesions demonstrated robust long-term habituation of 
the acoustic startle response across the 24-hr between the 
first two test days and subsequently over a 6-day retention 
interval. Retention of habituation over these intervals was 
similar for lesioned and control animals. The only significant 
difference between the groups was that the animals with BIC 
lesions were consistently more responsive than control 
animals. However, the difference was not specific to the 
auditory modality, since animals with BIC lesions also were 
more responsive than controls to a tactile stimulus. 

These data are consistent with Sharpless and Jasper’s [22 
report of no effects of BIC lesions on habituation of the EEG 
arousal response. Sharpless and Jasper also reported an in- 
crease in the threshold of EEG arousal following BIC le- 
sions. Although this may appear inconsistent with the pres- 
ent data, the organization of the acoustic startle response in 
the caudal brainstem, below the level of the BIC, makes 
forebrain involvement in the response nonessential, where- 
as, the EEG arousal response depends upon cortical struc- 
tures for its elaboration. Disruption of the ascending audi- 
tory pathway by BIC lesions alters afferent information to 
the forebrain, changing the characteristics of the EEG 
arousal response. 

Startle amplitude is affected not only by the intensity of 
the test stimulus, but also by the intensity of the background 
noise level [3, 14, 15, 16]. Animals with BIC lesions and 
controls responded similarly to changes in background noise 
level. The inverted-U shape function (Fig. 6) is the usual 
relationship between startle amplitudes and background 
levels. The increasing limb of the function is assumed to be 
due to an increase in arousal as a consequence of the back- 
ground noise, whereas, the decreasing limb is ascribed to the 
decreasing signal-to-noise ratio between test and background 
levels [3,16]. Davis and Gendelman [5] have suggested fore- 
brain mediation of the ascending limb of the function, but if 
forebrain processes play a role in this functional relationship, 
they need not receive auditory information in the primary 
auditory pathway. 





HABITUATION AFTER BIC LESIONS 


ACOUSTIC STARTLE (White Nois 


(mm) 


Amplitude (mm) 
Amplitude 


Startle 
Startle 


Mean 
Mean 


FIG. 4. Mean startle amplitudes of lesioned and control animals to various stimulus 
intensity and ISI conditions within a single test session. A: Startle amplitudes at four 
stimulus intensities collapsed across ISI. B: Startle amplitudes after four ISI’s collapsed 
across stimulus intensity. 
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FIG. 5. Mean startle amplitudes of lesioned and control animals to 
an auditory stimulus (white noise, 120 dB SPL) at four background i 
noise intensities within a single test session. 2 4 6 
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FIG. 6. Mean startle amplitudes of lesioned and control animals to a 
tactile stimulus (air puff) for 10 trials on a 10-sec ISI. 
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The integrity of the primary auditory pathway above the 
IC is not necessary for either long- or short-term habituation 
of the acoustic startle response. If forebrain structures are 
involved in long-term habituation, as has been proposed [1, 
9, 11], these structures need not receive afferent information 
via the BIC. Alternate afferent pathways leave the primary 
auditory pathway at the IC and ascend via the reticular for- 
mation to the thalamus and cerebral hemispheres [13,20]. 
Lesions of the mesencephalic reticular formation impair re- 
tention of habituation of the acoustic startle response with- 
out altering the short-term habituation process [17]. These 
alternate pathways and structures must subserve habituation 
of the acoustic startle response, if forebrain structures are 
involved, since interruption of the primary ascending audi- 
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tory pathway at the level of the BIC does not affect long- or 
short-term habituation of this response. 
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emotional response in *‘non-self-menacing”’ (novel environment) situations. Differences between the 2 selected lines were 
not generally found in unstressed rats or in “‘high-stress’’ (ether, immobilisation, footshock) situations 


Stress-parameters Emotional response 


ROMAN high- and Roman low-avoidance rats (RHA/Verh 
and RLA/Verh, respectively) are selected for rapid learning 
of the conditioned avoidance response in a two-way shuttle 
box versus failing to learn that response. Comparisons of 
these two psychogenetically selected lines in further be- 
havioural tests (e.g., openfield, complex labyrinth, Hebb- 
Williams maze) have revealed additional differences be- 
tween RHA/Verh and RLA/Verh animals, which have been 
primarily interpreted in terms of differences in activity levels 
and in emotional behaviour [1, 5, 7]. 

During a recent comparison on several genetically selected 
rat lines with individually and group-housed rats, we have 
described RHA/Verh rats as being more active, defecating 
less and showing an attenuated corticosterone secretion fol- 
lowing exposure to a novel environment, than their 
RLA/Verh counterparts [9]. 

The present study was conducted in order to investigate 
more closely whether such differences between the two 
Roman lines may be generalized to other, more severe, 
stress situations. 

In addition to corticosterone levels [4, 8, 22, 23] and defe- 
cation score [3, 8, 9, 13], other hormonal and physiological 
parameters which have been proposed to be influenced by 
stress were also measured, such as plasma ACTH [4,15], 
prolactin [22] and blood glucose [17] levels, serum free fatty 
acids (FFA) [12,19] and body- (core) temperature [2,24]. 


METHOD 


Naive RHA/Verh and RLA/Verh male rats, bred at the Be- 
havioural Science Institute ETH and averaging 6 months of 
age, were used throughout all experiments. 


Selected rat lines 


After a 3 weeks acclimatisation period to the new en- 
vironmental conditions (3 animals per cage, cage size 
42x 26x 14 cm; 12 hr light/12 hr dark cycle; 25°C room tem- 
perature; food and water ad lib), animals were individually 
housed (macrolon cages 262014 cm) for 24 hr prior to 
being tested. Such pre-isolation has previously been shown 
not to affect behavioural measures or basal hormone concen- 
trations and ensured that each rat could be removed from its 
homecage without disturbing other experimental animals. 

All experiments were carried out in the middle of the dark 
phase with behavioural testing being followed immediately 
by sacrifice through decapitation and collection of trunk 
blood. For each test-situation six RHA/Verh and six 
RLA/Verh rats were used. 


Test-Situations 


Tests were made under the following conditions: 

(a) Unstressed controls. Animals were killed immediately 
after removal from homecage (6 rats of each line were used 
in the three replications). 

(b) Injection. Animals were injected intraperitoneally 
with 500 ul of saline and were killed following a further 10 
min in the homecage. 

(c) New cage. Rats were placed for 10 min in a new cage, 
identical to the homecage (furnished with fresh sawdust). 

(d) Openfield. Animals were placed for 10 min in a 
wooden box (5666 cm). The field was bordered by 12 cm 
side walls and illuminated by a 100 W red lamp suspended 80 
cm above the centre. 

(e) Shuttle box as novel environment. Animals were 
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placed in a shuttle box for 10 min. (Model 7502, U. Basile, 
Comerio, Italy), with no current applied. 

(f) Ether stress. Animals were placed in a glass cylinder 
(20 cm diameter, 26 cm high) which had been saturated with 
ether vapour. After | min of exposure, animals were trans- 
fered again to the homecage, where they were allowed to 
recover for 9 min. 

(2) Immobilisation. Animals were forced to remain for 10 
min in a black coloured plastic tube (10 cm diameter), im- 
mobilizing them through the pressure of a metallic slide. 

(h) Inescapable footshock. The above-mentioned shuttle 
box was used. However, during these 10 min periods, ines- 
capable footshocks at 30 sec intervals (5 sec, 100 V) were 
delivered by a static scrambler through the stainless steel 
grid floor. 


Determinations 


(a/c) Plasma corticosterone and ACTH concentrations 
were determined by RIA [11], as were plasma prolactin con- 
centrations [14]. (d) Blood glucose was determined by the 
hexokinase-method (Glucoquant, Boehringer Mannheim 
GmbH) using deproteinized plasma. (e) Serum free fatty 
acids (FFA) were determined according to the method of 
Lorch [16]. (f) Core temperature was measured immediately 
following sacrifice by a metallic probe (Ellab Instruments, 
Elekrolaboratoriet, Kopenhagen) to a depth of 6 cm from the 
anus. (g) Fecal boli were counted for each animal at the end 
of all 10 min test periods. 


RESULTS 


The results for all determinations, for all experimental 
situations, are summarised in Fig. 1. 

In regard to baseline secretion levels, only plasma corti- 
costerone concentrations were significantly different (two- 
way analysis of variance F(1/30=4.6, p<0.05) between 
RHA/Verh and RLA/Verh animals. However, several differ- 
ences between RHA/Verh and RLA/Verh rats were shown 
to reach a significant level (Student’s f-test) in the stress 
situations. The most marked differences between the two 
genetically selected lines were found after exposures to 
novel environments (new cage, openfield and shuttle box as 
novel environment). During these three situations 
RHA/Verh rats showed a significantly attenuated response 
when compared with their RLA/Verh counterparts in respect 
to corticosterone-, ACTH- and prolactin-secretion as well as 
in defecation scores. A similar difference in hormone secre- 
tion was found after an IP injection of saline. 

During the more serious (physical) stress-situations, such 
as ether-stress, immobilisation and inescapable footshock, 
differences between RHA/Verh and RLA/Verh rats were not 
normally observed, seldom reaching a significant level. 

Concerning blood glucose and FFA concentrations, 
RHA/Verh and RLA/Verh animals differed neither under 
unstressed conditions nor after any of the seven stress- 
exposures. Core temperatures were also not significantly dif- 
ferent between the two lines, either in unstressed animals or 
after having been exposed to the various stressful situations, 
except after IP injection of saline. 

Further analysis of the present data (Spearman’s rank 
correlation) revealed highly significant correlations between 
corticosterone, ACTH, prolactin, glucose and defecation 
score in both selected lines. On the other hand, no significant 
correlations between FFA or core temperature existed to the 
other stress parameters, with only two exceptions (Table 1). 
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DISCUSSION 


In the present study, hormonal and physiological 
‘*stress-parameters’’ have been measured in unstressed male 
RHA/Verh and RLA/Verh rats, after exposure to sev- 
eral experimental situations. In unstressed rats the only sig- 
nificant difference between the two Roman lines was found 
in plasma corticosterone concentration. As all other param- 
eters showed equal values in both rat lines, it has to be 
assumed that RHA/Verh and RLA/Verh animals do not dif- 
fer drastically in their basal secretion levels. 

Different stress-induced secretion levels, however, were 
found between RHA/Verh and RLA/Verh rats (Fig. 1), par- 
ticularly in “‘novel environment” situations. These differ- 
ences appear to be situation-dependent, as in “‘high-stress”’ 
situations (e.g., inescapable footshock, ether and immobili- 
sation) no significant differences between the two selected 
lines existed. These results may be either due to a ceiling 
effect, or they may indicate that both lines react similarly to 
a strong stress whereas they differ in their ability to interpret 
certain ‘‘non-self-menacing’’ situations (e.g., novel en- 
vironments). 

To help indicate which of the two Roman lines shows the 
‘‘aberrant”’ reactivity in response to stress-exposure, similar 
experiments to those described above were carried out in a 
group of unselected rats derived from a local Wistar strain 
(unpublished results). Marked parallels between RLA/Verh 
rats and the unselected animals were observed, e.g., open- 
field exposure was already a strong stressor and IP injection 
of saline induced a significant elevation in stress hormone 
concentrations. We therefore tend to interpret the hormonal 
and physiological differences between RHA/Verh and 
RLA/Verh rats to indicate that RHA/Verh animals represent 
a rat line characterized by an unusually attenuated emotional 
responsiveness and stress reactivity. 

Some experimental conditions could have influenced the 
present findings and should be mentioned here. The differ- 
ences between RHA/Verh and RLA/Verh rats could be due 
to a temporal dissimilarity in hormonal secretion or, al- 
though quite improbable [4,22], the differences in plasma 
concentrations between the two selected lines could be 
caused, if maximal secretion would have been already 
passed after only 10 min, by a temporal difference in return- 
ing to baseline secretion levels. Additionally, possible differ- 
ences due to an unequal circadian rhythm in RHA/Verh and 
RLA/Verh animals, which would induce not only a different 
baseline secretion level but also different stress-induced 
hormone secretions [4, 22, 23], could have influenced the 
present findings. Although an interpretation on the grounds 
of such kinetic or circadian differences between the two 
Roman lines cannot ultimately be excluded by our data, such 
an explanation for the dissimilarities between RHA/Verh and 
RLA/Verh rats seems to us rather improbable. The present 
data would, in that case, indicate that such effects would be 
situation-dependent, only occuring under ‘“‘low-stress” 
conditions. 

We would rather believe that the different stress- 
reactivity in RHA/Verh and RLA/Verh rats is caused by a 
difference in informational input and/or central processing, 
ultimately depending upon neurochemical differences. Al- 
though few neurochemical analyses have been performed on 
the two selected rat lines to date, several studies have been 
recently completed or are in progress. Whereas Overstreet ef 
al. [18] found no significant differences in muscarinic 
cholinergic receptor binding in several brain regions, differ- 
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FIG. 1. Responses of RHA/Verh and RLA/Verh rats after exposure to seven experimental situations as 
measured by changes in different *‘stress-parameters.’’ Each column represents the mean+S.E.M. of six 
animals, with the exception of unstressed animals, (N= 18 for those columns). A: p<0.05; B: p<0.005; C: 
p<0.0005. ORLA/Verh, BRHA/Verh. 





GENTSCH EFT AL. 


TABLE | 


SPEARMAN’S RANK CORRELATION COEFFICIENT (p) BETWEEN HORMONAL AND PHYSIOLOGICAL 
**STRESS-PARAMETERS,”’ INCLUDING ALL SEVEN EXPERIMENTAL SITUATIONS 
(ALWAYS 42 DETERMINATIONS PER RAT LINE) 





Corticosterone ACTH Prolactin Glucose FFA Temperature Defecation 





Corticosterone 
ACTH +0.36* 
+0.60¢ 
+0.55¢ 
+0.487 
+0.62 
+0.69¢ 
FFA +0.13 
+0.17 
+0.25 
+0.00 
+0.447 
+0.73¢ 


+0.497 
+0.437 
+0.55¢ 
+0.61¢ 
+0.10 
+0.03 
+0.22 
—0.02 
+0.61¢ 
+0.68¢ 


Prolactin 


+0.477 
+0.65¢ 
+0.01 
—0.02 
+0.29* 
+0.06 
+0.51¢ 
+0.63¢ 


Glucose 


+0.26 
+0.16 
+0.22 
+0.31* 
+0.61¢ 
+0.74¢ 


+0.21 
—0.17 
+0.29* 
+0.20 


Temperature 


+0.36* 
+0.13 


Defecation 





*n<0.05, tp<0.01, $p<0.001. Upper value: RLA/Verh. Lower value: RHA/Verh. 


ences in 5-HT metabolism have been described [6], and 
Krauchi (personal communication) has observed a reduced 
binding of WB-4101 to hypothalamic a-adrenergic receptors 
in RLA/Verh rats when compared to their RHA/Verh coun- 
terparts. Such findings may be of special interest for the 
understanding of differences in release-mechanisms for 
pituitary-hormones. 

We have recently determined *H-diazepam binding in var- 
ious central regions of RHA/Verh and RLA/Verh rats [10]. 
RHA/Verh animals showed a higher binding (4-12%, depend- 
ing on subregion) than their RLA/Verh counterparts. These 
results are quantitatively and qualitatively consistent with 
data obtained with Maudsley non reactive (MNR) and 
Maudsley reactive (MR) rats [20]. Robertson [20] postulated 
that a lowered emotionality is connected with an enhanced 
3H-diazepam binding in the central nervous system, and he 
was able to confirm this hypothesis in several mouse strains 
differing in emotionality [21]. These findings are of particular 
interest, as it has been shown that the behavioural responses 
of RHA/Verh and RLA/Verh rats in stress situations are also 
generally comparable to those of the MNR and MR strains, 
respectively [5]. 

Looking briefly at the different hormonal and physiolog- 
ical parameters which have been proposed and used here for 
the quantification of stress, we have found significant corre- 
lations between plasma corticosterone, ACTH, prolactin and 
blood glucose concentrations. Such findings support the 
measurement of these parameters as reliable indicators of 
stress. Defecation score has once again been shown as an- 
other valuable parameter for the determination of stress 
experienced by an animal, reflecting very consistently dif- 
ferences observed in stress-hormone plasma concentra- 
tions. No correlation between FFA concentration and any 
other parameter (stress hormones) could be detected, but 
since plasma catecholamines were not measured, it would be 
premature to pass judgement on the reliability of FFA as an 
indicator of stress. Plasma catecholamines are not only 
known to be instantly and drastically affected by the decapi- 


tation process, but the momentary reaction of plasma cate- 
cholamines to stress plays an important role in the activation 
of lipase-caused increases in FFA. Correlations between 
core temperature and the other parameters were not consis- 
tent. No significant difference between the two Roman lines 
was observed, except for after IP injection of saline. This 
latter finding has been subsequently replicated (unpublished 
results), but is for the moment not clearly understood, being 
unique within all determinations in that RHA/Verh rats 
showed a significantly stronger reaction than did their 
RLA/Verh counterparts. 

In summary, comparison of hormonal and physiological 
responses to experimental stress-situations in RHA/Verh 
and RLA/Verh male rats revealed an attenuated reactivity in 
RHA/Verh animals following exposure to ‘‘non-self- 
menacing’’ situations, as compared to control (baseline) and 
‘‘high-stress’’ conditions, where few differences were found 
between the two selected rat lines. Plasma concentrations of 
corticosterone, ACTH, prolactin, blood glucose, and defe- 
cation score were supported as reliable indicators of stress 
experienced by an animal, whereas core temperature was 
not. In order to fully evaluate the value of FFA, further 
studies would have to be conducted incorporating measure- 
ments of plasma catecholamines as well. 
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LOVELL, K. L. ANDE. M. EISENSTEIN. Effects of central nervous system lesions on leg lift learning in the cockroach 
P. americana. PHYSIOL. BEHAV. 28(2) 265-269, 1982.—When headless and intact cockroaches were trained to keep 
their prothoracic legs flexed to avoid electric shock, headless animals reached an asymptote more quickly than intact 
animals. Three behavioral measures were examined for experimental and yoked control animals to analyze differences 
between headless and intact animals. When cycloheximide (CXM) was injected before leg lift training, cycloheximide 
injected headless animals reached an asymptote more slowly than control headless animals. However, cycloheximide did 


not impair leg lift learning in intact animals. 


Cycloheximide Cockroach CNS lesions 


IN the segmental nervous system of insects the thoracic 
ganglia can exert control of leg behavior independent of the 
brain. That is, a headless cockroach can walk, and the ven- 
tral nerve cord, or a single ganglion, can mediate a learned 
behavioral change in which the leg is lifted to avoid electric 
shocks [6, 10, 12]. Since the brain also can influence leg 
behavior, motor output to the legs of an intact animal must 
be the result of interaction between the brain and thoracic 
ganglia. The roles of these components of the central nerv- 
ous system in learning have been investigated in a few exper- 
iments. For example, in research by Chen er al. [5] intact 
cockroaches, headless cockroaches, and isolated segments 
of the animal were trained to lift a leg to avoid electric shocks, 
contingent upon a weak electric signal which was applied to 
the leg a fraction of a second prior to the shocks. Intact 
animals learned this task more readily than headless or iso- 
lated segment preparations. 

However, in other experiments opposite results have 
been obtained. When intact cockroaches, headless cock- 
roaches and isolated ganglion preparations were trained to 
avoid electric shocks by holding a leg above a certain level, 
below which the leg received the shocks, the intact animals 
reached a given criterion more slowly than headless insects 
[7], which reached criterion more slowly than isolated ganglion 
preparations [14]. In addition, debrained crabs learned a 
leg position better than intact crabs [13]. This is rather 
paradoxical if interpreted as suggesting that an animal with a 
brain learns leg flexion to avoid shock more slowly than an 
isolated ventral nerve cord. In order to resolve this apparent 
paradox it is necessary to examine behavioral factors that 





Avoidance training 


could influence the leg lift performance of both headless and 
intact cockroaches. Thus, in the experiments reported here, 
headless and intact cockroaches were trained to flex a leg, 
and several parameters of performance were compared to 
identify differing characteristics of leg behavior in the two 
preparations. 

Headless insect preparations have been used to investi- 
gate the effects of drugs on learning with the assumption that 
information about learning and memory mechanisms ob- 
tained from such studies is applicable to learning and mem- 
ory processes in intact animals. Cycloheximide (CXM), a 
protein synthesis inhibitor, impaired learning of headless 
preparations [3, 4, 14], but the effects of CXM in intact cock- 
roaches have not been investigated. In this study we com- 
pared the effects of CXM on leg lift learning in headless and 
intact animals to determine if this agent exerts similar effects 
on the two types of preparations. A major concern in this 
study was the extent to which leg lift learning results from 
model systems (headless animals) can be generalized to ex- 
plain physiological processes underlying learning in intact 
systems. 


METHOD 


During the training period one animal of a pair, called the 
positional or P animal, received a shock whenever it lowered 
its leg lead into a saline bath, completing a circuit. A second 
animal, called the random or R animal, was connected in 
series with the P animal, so that both animals received 
shocks until the P animal lifted its leg lead out of the saline. 


‘Present address: Pathology Department, Michigan State University East Lansing, MI 48824. 
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Thus, the R animal served as a yoked control, receiving 
shocks when its leg was in a variety of different positions 
while the P animal only was shocked when its leg was ex- 
tended. 


Preparation of Animals 


Adult male cockroaches, Periplaneta americana, were 
kept together in a large bin until the day of the experiment. 
The cockroaches to be used were removed from the bin and 
anesthesized with pure carbon dioxide from a tank. The dor- 
sal surface of each animal was attached to a glass rod using 
wax. Following decapitation, vaseline was used to prevent 
the loss of hemolymph from the neck. The left prothoracic 
leg was used for training and the other legs were covered by 
a strip of gauze to prevent their interference with the left 
prothoracic leg. Pieces of 25 yu silver wire were tied around 
the femur and tibia to deliver a shock. A piece of 50 yu silver 
wire was waxed to the tarsus; the wax insulated the leg from 
the wire. When this tarsal leg lead on a P animal made con- 
tact with saline solution (1 M KCl) a circuit was completed 
and shock was delivered to the leg between the femur and 
tibia. During the 45 min training period, P and R legs were 
wired in series and the tarsal lead of P, upon extension into 
the saline, initiated shock pulses (50 V, 4 Hz, 6 msec) to both 
P and R legs. These pulses were recorded on a polygraph as 
an indication of P’s leg position. When the tarsal lead of R 
made contact with the saline, no shock was given to either 
leg but the pulses initiated by R also were recorded on the 
polygraph as an indication of R’s leg position. (Further de- 
tails of materials and methods can be found in [9].) 


Analysis of Data 


Three measures based on the recording of pulses initiated 
by the legs of P and R animals were used to analyze the 
behavior of the animals. The first is a measure of leg posi- 
tion, i.e., how long the leg tarsal lead remained extended into 
the solution during a period of time. This was measured by 
the number of pulses initiated by P and R animals when they 
extended their tarsal leads into the saline. The second meas- 
ure gives information about leg activity by indicating the 
number of times the leg lead extended into and lifted out of 
the saline solution. The number of times the leg lead ex- 
tended into the solution during a period of time will be re- 
ferred to as the number of dips. The third measure is the dip 
duration, defined as the number of pulses initiated by an 
animal for each leg extension. The dip duration indicates 
how rapidly an animal withdrew its leg from the solution 
after an extension was made, and for P animals during train- 
ing and for both P and R animals during testing this indicates 
how rapidly the animal escaped from shock. It should be 
noted that the latter two measures can vary independently of 
each other while the first (total amount of shock) is depend- 
ent on both number of dips and dip duration. 

The data were analyzed using the Mann-Whitney U two- 
tailed test. There were 10 P and R pairs in each group. 


RESULTS 
Training 


Leg position-number of pulses initiated. The number of 
pulses initiated, a measure of how long the leg was extended 
into the saline solution, is shown in Fig. 1. Although the leg 
leads of both P groups started at the same depth in the saline 
solution at the beginning of training, the headless P animals 
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FIG. 1. Median number of pulses initiated by P and R headless (hls) 
and intact (int) animals during a 45 min training session. Values 
shown represent pulses counted over consecutive 5 min periods 
except for the first 10 min period for P animals, in which values for 
each minute are shown on the same scale to demonstrate the 
asymptote reached by headless P animals in the second minute. 
There were 10 pairs of P and R animals in both the headless and 
intact groups. 


began maintained leg flexion much earlier than intact P 
animals and reached an asymptote by the second minute. 
Both P groups eventually approached approximately the 
same asymptote. For R animals, there was a great deal of 
fluctuation of leg position, but both R groups showed main- 
tained overall extension during the training period with no 
significant difference in leg position between headless and 
intact animals. In a previous experiment performed several 
years earlier by one of us (E. M. E.) essentially the same 
results were obtained when 13 P and R pairs of intact animals 
were compared to 13 P and R pairs of headless animals. 

Since R is used to assess the effects on leg behavior of 
shock administered independently of leg position, the devel- 
oping difference in number of pulses initiated between P and 
R animals (P-R difference) can be used as a measure of learn- 
ing [8]. This measure assesses the extent to which P keeps its 
leg progressively more flexed in comparison to the normally 
extended position shown by R. The P-R difference (the me- 
dian number of pulses initiated per minute by R during the 
first 5 min of training minus the corresponding value for P) is 
178 pulses/min for headless animals and 33 pulses/min for 
intact animals (this difference is significant at the 0.05 level). 
These results indicate that headless P animals show a sub- 
stantially longer duration of leg flexion than intact P animals 
during the first 5 min of identical leg lift training. 

Leg activity-number of dips. Figure 2 presents the leg 
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FIG. 2. Median number of dips made during consecutive 5 min 
periods by P and R headless (hls) and intact (int) animals during a 45 
min training session. See text for further details. 


activity of intact and headless P and R animals. There is no 
significant difference between P and R animals within each 
group. Intact animals show significantly more activity at the 
beginning of training than headless animals (p <0.05, compar- 
ing the first 5 min period for intact and headless animals). 
During training, as the intact P group reaches an asymptote 
in pulses initiated (Fig. 1), the difference decreases. Thus, 
the difference in learning curves (Fig. 1) over the first 20 min 
between intact and headless P animals is due partly to an 
increased number of dips made by intact animals. At the end 
of the training period, the higher apparent activity levels 
shown by intact animals were not significant. 

Escape from shock-dip duration. The dip duration 
(number of pulses per dip), a measure of how quickly 
animals flex to escape from shock, can be used to examine 
escape learning, i.e., whether an animal learns to flex its leg 
more quickly in order to terminate the shock. In Fig. 3, intact 
P animals show a decrease in dip duration after 15-20 min 
(the difference between minutes I-5 and minutes 16~20 is 
significant, p<0.05). This is the same time period as they 
approach an asymptote in the learning curve of Fig. 1. Thus 
the leg position learning for intact animals includes a compo- 
nent of escape learning and the longer dip duration seen for 
intact animals as compared to headless animals contributes 
to the increased amount of shock shown in Fig. 1. In head- 
less P animals, the learning was much more rapid and evi- 
dence of escape learning was sought in the first few minutes. 
As shown in Fig. 3 (inset) there was a decrease in the dip 
duration of headless P animals during the first 5 minutes 
(p <0.05 comparing the first and fifth minute). In addition, 
examination of the durations of the first 5 dips showed evi- 
dence of escape learning from the first to the second dip (the 
difference between the dip durations of the first 2 dips was 
significant at the 0.01 level). 
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FIG. 3. Median dip duration calculated for each 5 min period for P 
and R headless (hls) and intact (int) animals during training. The dip 
duration is the number of pulses (4 Hz) initiated during each leg 
extension. For each animal the dip durations during a 5 min period 
were averaged to get the dip duration value for each period. For each 
5 min period the median of the values for all animals was plotted on 
the ordinate. The inset shows the median dip duration for headless P 
animals during the first 5 minutes of training. There was a significant 
(p<0.05) decrease in dip duration between minutes | and 5. 


Effects of CXM on Training 


Headless and intact cockroaches were injected with doses 
of CXM which inhibited protein synthesis by over 90% in the 
central nervous system at the time of training as measured by 
incorporation of U-'C-leucine into protein (see [1] for 
further details of measurement of protein synthesis inhibi- 
tion). In behavioral experiments, 45 min after CXM injection 
the cockroaches were trained for 45 min in the leg-lift 
paradigm. Figures 4a and b show the learning curves as 
measured by the number of pulses initiated by intact and 
headless animals. As reported previously, CXM impaired 
acquisition in headless animals, so that they took longer to 
reach an asymptote. In the experiments reported here, CXM 
had no impairing effect on intact animals—the differences 
between CXM and saline injected intact animals were not 
significant. Thus the impairing effect of CXM during training 
appears to be specific to the headless preparation. 


RESULTS AND DISCUSSION 
The results confirm previous reports of more rapid leg 
position learning by headless insects and describe differ- 
ences between headless and intact cockroaches in amout of 
shock received, number of dips and dip duration. On the 
basis of these behavioral measures, a model can be proposed 
to explain the faster learning observed in headless animals. 
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FIG. 4. Median number of pulses per 5 min period initiated by intact (a) and headless (b) P animals injected with CXM or 
saline before training. There were 10 P animals in each group. See text for further details. 


This model assumes that differences between intact and 
lesioned animals in leg withdrawal behavior following a 
shock stimulus are responsible for the differences in learning 
characteristics. In the headless animal, primarily local 
(within the ganglion) neuronal circuits would be operative 
following a shock stimulus, and leg withdrawal (flexion) 
might be expected as the predominant response to the 
stimulus, since headless cockroaches show little or no loco- 
motor activity [15]. Consistent with this hypothesis, a rapid, 
consistent flexion response to shock is observed in headless 
animals (but not in intact animals) as shown by the very short 
dip durations of the lesioned P animals, even at the beginning 
of training. In the intact animals, a coordinated escape reac- 
tion, mediated by the brain, might be expected as a predomi- 
nant initial response to a noxious leg stimulus. Thus an un- 
restrained intact animal would run away, but a restrained 
animal might express similar neuronal activity by an in- 
creased number of flexions and extensions (as seen in Fig. 2) 
and not show a consistent flexion response to shock until the 
flexion-escape association had been learned (which occurred 
after 15-20 min; see Fig. 3). The combination of increased 
number of dips and longer dip durations at the beginning of 
training for intact animals would produce the higher number 
of shocks initiated by intact P animals compared to headless 
P animals (Fig. 1). 

The similarity of leg activity between P and R animals 
(Fig. 2) is a phenomenon that cannot be fully explained. This 
similarity does not imply that no avoidance learning occurs 
in P animals but helps to characterize the differences in leg 
behavior between P and R groups. It is important to re- 
member that while the leg activity is similar for P and R 
animals in both intact and headless groups, P animals keep 
their legs flexed much of the time while R animals keep their 


legs extended most of the time. For intact P animals, a de- 
crease in the number of dips between 5 and 10 minutes im- 
plies that P is dipping into the solution less often, an indica- 
tion of avoidance learning. The reason for the similar de- 
crease in the number of dips made by R intact animals is not 
clear, but there are several possibilities: (1) the activity of R 
may be directly correlated with the leg activity of P, with R 
changing leg position whenever P gets shocked. This would 
imply that fewer dips by P would correlate with fewer 
changes of leg position by R; (2) R may learn that changes in 
leg position cannot terminate the shock and thus decrease 
the number of dips. In this case the simultaneous decrease in 
leg activity by P and R intact animals is a coincidence; (3) 
some physiological ‘‘adaptation”’ to the shock may lead to 
fewer responses in R animals as a function of time. Future 
experiments may be able to differentiate among these 
possibilities. 

It is not yet clear why CXM has different effects on learn- 
ing in headless and intact animals. A CXM-induced im- 
pairment of initial acquisition has never been observed in 
vertebrates [2] and was not seen in intact cockroaches 
trained in the leg lift task or in intact cockroaches trained in a 
T-maze [1]. The underlying mechanism of the impariment in 
headless cockroaches could be due either to an effect of 
CXM on leg behavior (e.g., activity or response to shock) or 
to some aspect of learning. Since the curve for CXM head- 
less P animals starts out at a much higher level than for 
controls (Fig. 4b), at least part of the CXM effect may be due 
to a change in leg activity. This is supported by other data: 
when the measure of number of dips was examined, the 
CXM headless P animals began at a much higher level than 
saline headless P animals and in about 20 min the number of 
dips for CXM animals decreased to control levels. Thus the 
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CXM-induced impairment of leg-lift acquisition in headless 
animals may be due, at least in part, to an alteration of leg 
behavior not associated with learning (also suggested by [8] 
and [11]). Since there is no difference in activity levels be- 
tween CXM and saline R animals, CXM might be causing an 
impaired ability of the headless animals to maintain a flexed 
leg position. 

In conclusion, the results presented above suggest that 
headless preparations may differ from intact cockroaches in 
leg activity levels, response to shock and effects of drugs. It 
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is important to consider such differences in characteristics of 
leg behavior when extrapolating results on learning from 
model systems to intact systems. 
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ROWLAND, N. AND E. M. STRICKER. Effects of dopamine-depleting brain lesions on experimental hyperphagia in 
rats. PHYSIOL. BEHAV. 28(2) 271-277, 1982.—Dopamine (DA)-depleting brain lesions of various sizes were produced in 
rats either by intracerebroventricular injections of 6-hydroxydopamine (6-HDA) or by electrolytic lesions of the lateral 
hypothalamic (LH) area. Among 30 animals that became aphagic and adipsic for at least four days after large LH or 
6-HDA-induced brain lesions, only three developed hyperphagia after electrolytic lesions of the ventromedial hypothala- 
mus (VMH) or daily injections of long-acting protamine-zinc insulin (PZI). In 20 rats with smaller LH or 6-HDA-induced 
lesions, which had not shown marked initial behavioral dysfunctions, only three gained as much weight after VMH lesions 
as the control animals. Similarly, 6 of 10 rats with smaller LH lesions could not tolerate a 15-day series of PZI treatments, 
although 14 of 17 rats with smaller 6-HDA-induced lesions increased their food intake and gained weight during the PZI 
treatments as did control animals. These results indicate that hypothalamic hyperphagia can be blocked by DA-depleting 
brain lesions that neither produce an initial period of aphagia and adipsia nor involve hypothalamic tissue. They further 
indicate that even small LH lesions may prevent the development of hyperphagia elicited by PZI, whereas only very large 
6-HDA-induced lesions consistently have this effect. 


Hyperphagia Insulin Lateral hypothalamus Ventromedial hypothalamus 6-Hydroxydopamine 





BILATERAL lesions to the ventromedial hypothalamic 
(VMH) area induce obesity and hyperphagia in rats [4]. Re- 
cently, one of us reported that these familiar effects were Subjects 
- i ats gi intrac al injections of th j : i 
ae Se eee Se eaves eengenr ov gio: =~ " The animals were male Sprague-Dawley rats (Zivic- 
neurotoxin 6-hydroxydopamine (6-HDA) several weeks , “ag ann male 
. . en ae ; Miller, Pittsburgh, PA), weighing 300-350 g at the beginning 
prior to the VMH lesions [22]. The 6-HDA treatment had Bn Pte oy 
me . 5 4 of the experiments. The rats were housed individually in 
depleted striatal dopamine (DA) by 92-98% and had left the : Meh 
: ieee epee : s , é wire mesh cages and were maintained on Purina Laboratory 
animals adipsic for up to 10 days. These results may be con- . : : : 
. . <r ng Chow pellets and tap water except as noted. Lights in the 
trasted with those of an earlier study in which five rats given ciithaiies eniean ein tn Heteeenin Ded teen Diente 
doses of 6-HDA producing DA depletions of 60-85% showed ° 
normal development of obesity and hyperphagia after the 
VMH lesions [6]. Collectively, they indicate that 6-HDA pre- 
treatments can affect the development of obesity after later Lateral hypothalamic lesions. Bilateral destruction of the 
VMH damage, and suggest that the size of the first lesion LH area was achieved in 37 rats by passing | mA of anodal 
must be quite extensive for this effect to occur. The present current for 10 sec (intended to produce “‘small’’ lesions) or 2 
report extends this analysis by determining in a large series mA for 20 sec (to produce ‘“‘large’’ lesions) through 
of rats the effects on “hypothalamic obesity’’ of DA- stereotaxically guided stainless steel electrodes that were in- 
depleting brain lesions of graded sizes induced either by sulated except for 0.5 mm at the tip. Rats were anesthetized 
6-HDA pretreatments or by electrolytic lesions of the lateral with Equi-Thesin (2.5 ml/kg); lesions were made 6.0 mm 
hypothalamic (LH) area; the latter procedure interrupts anterior to the interaural line, 2.0 mm lateral to the exposed 
dopaminergic fibers as they traverse the ventral di- superior sagittal sinus, and 7.4 mm ventral to the dura, with 
encephalon [33] and thereby produces a syndrome of behav- the skull adjusted so that it was level between bregma and 
ioral dysfunctions that resembles the one observed in lambda. » 
6-HDA-treated rats [8, 17, 30]. A second experiment simi- Intraventricular 6-HDA lesions. Intraventricular injec- 
larly examines the effects of LH or 6-HDA-induced brain tions of 6-HDA producing DA depletions in excess of 
lesions on the hyperphagia and obesity that result from 90-95% are required to cause aphagia and adipsia in rats, 
chronic treatment with pharmacological doses of insulin. whereas DA depletions of only 50-80% are associated with 


METHOD 


Initial Lesions 





‘Send reprint requests to Neil Rowland, Department of Psychology, University of Florida, Gainesville, FL 32611. 


Copyright © 1982 Brain Research Publications Inc.—0031-9384/82/02027 1-07$03.00/0 





dysfunctions in ingestive behavior after electrolytic lesions 
of the LH area [30,37]. In the present experiment, two dif- 
ferent procedures were employed to produce specific DA 
depletions of these magnitudes. In the first, designed to 
produce large DA depletions, 20 «I containing 200 wg 6-HDA 
hydrobromide in the vehicle solution (0.9% NaCl, 0.1% as- 
corbic acid; dose expressed as the free base) were injected 
into the cerebrospinal fluid of 22 rats by way of a lateral 
cerebral ventricle [36] and then, 3 days later, they received 
an identical injection into the contralateral ventricle. Each 
injection was administered in 60-120 sec with the rats under 
ether anesthesia and was given 30 min after IP injections of 
25 mg/kg desmethylimipramine (DMI, an inhibitor of norepi- 
nephrine uptake which has been shown to specifically reduce 
the effects of 6-HDA on norepinephrine depletion [3]) and 50 
mg/kg pargyline (an inhibitor of monoamine oxidase which 
was given in order to potentiate the effects of 6-HDA on the 
depletion of DA [2]). In the second procedure, designed to 
produce smaller DA depletions, 18 rats received a single 
injection of 200 ug 6-HDA 30 min after IP injection of DMI 
(25 mg/kg) alone. 

Thirty-seven rats served as controls in the neurochemical 
analyses and behavioral tests described below. These 
animals received two intraventricular injections of the vehi- 
cle solution 30 min after IP injections of DMI (25 mg/kg) and 
pargyline (S50 mg/kg). Six unoperated rats matched in body 
weight with the others provided additional control animals as 
indicated. 


Additional Treatments 


Rats that became aphagic after LH or 6-HDA-induced 
lesions were given intragastric gavages of liquid nutrients up 
to five times daily until they could maintain body weight 
independently. In addition, mixed cereal (Gerber Products 
Co.) moistened with water, and 10% sucrose or 0.1% sac- 
charin solution, were provided until rats accepted the pel- 
leted food and tap water. 

The following two experiments were begun no sooner than 
2 weeks after subgroups of brain-damaged animals had re- 
sumed voluntary eating and drinking behaviors, except as 
noted. 

Ventromedial hypothalamic lesions. Bilateral destruction 
of the VMH area was achieved in 55 rats by passing 2 mA of 
anodal current for 15-20 sec, using the same general proce- 
dure described above. Lesions were made 6.0 mm anterior to 
the interaural line, 0.65 mm lateral to the midline, and 8.0 
mm ventral to the dura. Food was withheld for 8-12 hr after 
the lesion until the acute phase of hyperactivity had sub- 
sided. Eighteen animals had received a prior LH lesion (12 
the large lesions and 6 the small), 18 had been given 6-HDA 
(7 the large dose and 11 the small), and 19 were vehicle- 
treated controls. Body weights (+2 g) were measured every 
1-2 days for the next 30 days. 

Chronic insulin treatments. Preliminary experiments 
have shown that rats with DA-depleting brain lesions, which 
do not tolerate acute hypoglycemia induced by a relatively 
large dose of regular insulin [7], may respond more normally 
when given insulin in a long-acting form [29]. Accordingly, 
56 rats were made chronically hypoglycemic with periodic 
injections of long-acting protamine-zinc insulin (PZI, Lilly). 
The insulin was administered twice daily (at 0700 and 1900 
hr) in doses of 5 U/kg body weight per day on Days | and 2, 
10 U/kg on Days 3 and 4, 15 U/kg on Days 5 and 6, and 20 
U/kg on Days 7 and 8. Food intakes and body weights were 
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monitored daily throughout the 8-day period. Although 
blood glucose was not monitored, we have seen values be- 
tween 55 and 85 mg/100 ml in intact rats given comparable 
PZI treatments that were permitted food ad lib, and 
more severe hypoglycemia when food was withheld. Conse- 
quently, in the present experiments injections were halted 
when food intake decreased or rats showed other evidence of 
malaise. Twenty-two of the PZI-treated animals had been 
given 6-HDA (15 the large dose and 7 the small) and 9 were 
vehicle-treated controls. In addition, 25 other rats, 19 with 
LH lesions (9 with large lesions and 10 with small) and 6 
control animals were given a somewhat less demanding 
series of PZI treatments; i.e., up to 20 U/kg/day in divided 
doses, as before, but over a 15-day period (portions of these 
data have been presented briefly in a previous report [29)). 


Biochemical and Neurochemical Analyses 


Rats were killed by decapitation at least | week after 
testing was completed and at least 8 weeks after the lesions 
were made. Each brain was separated from the spinal cord at 
the level of the foramen magnum and was rapidly removed 
from the skull and dissected on ice. The telencephalon was 
isolated in each animal and frozen at —70°C for subsequent 
determination of DA concentration using a radioenzymatic 
assay [24]. The diencephalons and brain stems of rats with 
electrolytic lesions were placed in 10% Formalin for fixation, 
and LH and VMH lesions were evaluated subsequently by 
microscopic examination of 40 uw sections that had been 
stained with cresyl violet. 

The nose-to-anus length of each animal was additionally 
measured at sacrifice in order to calculate the Lee Index, a 
measure of obesity (body weight, in grams, to the '/3 power, 
divided by nose—anus length, in cm [1]). 


RESULTS 
Ventromedial Hypothalamic Lesions 


Control rats given bilateral lesions of the VMH gained 
228.3+5.6 g (M+S.E.) during the 30-day postoperative 
period (p<0.001 in comparison with 171.5+6.0 g, the weight 
gained by untreated control rats; all p values are based on 
two-tailed f-tests unless otherwise noted). As expected, 
much of this weight appears to have been stored as fat, since 
Lee Indices were elevated to 345.1+3.6 (p<0.001 in com- 
parison with control values of 311.9+2.7; Fig. 1). 

Four of the seven rats pretreated with the large dose of 
6-HDA had DA depletions of 96-98%; they took 4-9 days 
after the 6-HDA treatment before maintaining body weight 
by voluntary food and water ingestion. Three of them gained 
much less weight after the VMH lesions than the control rats 
and each had a smaller Lee Index as well. The remaining 
three animals had DA depletions of 88%, 93%, and 93% and, 
like the 11 rats given the smaller dose of 6-HDA (which 
produced DA depletions of 62-83%), they consumed chow 
and water within 1-2 days after 6-HDA treatment, in confir- 
mation of previous reports [30,36]. These animals all gained 
more weight and had proportionately greater Lee Indices 
than the three rats with the biggest lesions, but with two 
exceptions they did not have values as high as those of con- 
trol rats with VMH lesions (both p’s<0.001; Table 1, 
p<0.001). There was no significant relation between mag- 
nitude of DA depletion and either body weight gain or Lee 
Index after the combined 6-HDA and VMH lesions. 

The results with combined LH and VMH lesions were 
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FIG. 1. Lee Index and body weight gain of individual rats given 
ventromedial hypothalamic lesions alone or combined with small 
(open symbols) or large lateral hypothalamic or 6-hydroxy- 
dopamine-induced lesions (closed symbols). Each point represents a 
different animal. Not shown are the data for one rat with combined 
LH and VMH lesions, which lost 36 g during the 30-day period of 
observation but whose Lee Index was not obtained. 


similar to those just described. The 12 rats given the large 
LH lesions gained little weight during the 30 days after VMH 
lesions (25.6+6.1 g), much less than the control rats had 
(p<0.001). Moreover, they had Lee Indices of only 
295.3+3.3, significantly less than those of control rats (Fig. 
1, p<0.001). The six rats given the small LH lesions gained 
more weight after VMH lesions than the 12 animals with 
large LH lesions (155.8+5.5 g, p<0.001); they also had 
higher Lee Indices (328.8+3.8, p<0.001), but only a few val- 
ues were comparable to those of the control rats with VMH 
lesions (Fig. 1). Each of these rats ate chow and drank water 
within | or 2 days after the small LH lesions were made, 
whereas the median duration of adipsia for the 12 rats with 
large LH lesions was 14 days (range=4 to 70 days). 
Histological analysis revealed that the VMH lesions were 
moderate to large and symmetrical in the region of the ven- 
tromedial nucleus, extending ventrally to the base of the 
brain and laterally as far as the fornix. There was no sys- 
tematic difference in the size or location of the VMH lesions 
between the control or the 6-HDA-treated groups. Although 
comparable damage appeared to be present in the rats with 
combined LH and VMH lesions, accurate evaluation of the 
brain damage was difficult owing to the gross tissue distor- 
tion in the basal diencephalon caused by the four lesions. 
While the extent of LH damage could be inferred from the 
duration of adipsia, we cannot be certain that the VMH dam- 
age was in fact adequate in all cases; we are encouraged in 
this view by the uniform appearance of the VMH lesions 
among the other subgroups, suggesting that our procedures 


TABLE | 
EFFECT OF LH OR 6-HDA-INDUCED LESIONS ON HYPERPHAGIA 
PRODUCED BY SUBSEQUENT VMH LESIONS 





Body Weight 


Lee Index Gain (g) 





LH lesions 
Large lesion 
Small lesion 
6-HDA-induced lesions 
Large dose 
Small dose 
Controls 





*No VMH lesion. 











FIG. 2. The effects of eight daily injections of protamine-zinc insulin 
on food intakes of vehicle-injected control rats (N=9) and rats that 
had received intraventricular injections of 6-hydroxydopamine 
(N=16). Each point represents mean values; not shown are the 
standard errors of the mean which ranged from 1.3 to 2.2. Data from 
six 6-HDA-treated rats that did not tolerate the complete series of 
PZI treatments are not included (see Table 1) 


were consistent, and by the fact that the obtained data relat- 
ing Lee Index to body weight change (Fig. 1) conformed to 
the pattern seen in the other animals. 


Chronic Insulin Treatment 


Control rats given the 8-day series of PZI treatments in- 
creased their daily food intake significantly and gained 10-12 
g/day (both p’s <0.001). Sixteen of the 22 rats pretreated with 
6-HDA increased their food intake and gained weight in a 
comparable fashion (Fig. 2). These included all seven of the 
rats given the small dose of 6-HDA, which produced DA 
depletions of 55-75%, and nine of the fifteen rats given the 
larger dose, which produced DA depletions of 79-93%. 





TABLE 2 


EFFECT OF 6-HDA-INDUCED LESION ON HYPERPHAGIA ELICITED 
BY PZI TREATMENTS 
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TABLE 3 


EFFECT OF LH LESIONS ON HYPERPHAGIA 
ELICITED BY PZI TREATMENTS 





(days) (%) (days) (g) (g) (g) (g) 
Rat Adipsia DA PZI BW, BW, FI, FI, 


(days) (days) (g) (g) (g) 
Rat Adipsia PZI BW, BW, 








A. Small dose 


SD 
SD 
SD 
SD 
SD 
SD 
SD 


weNe NON — = 


B. Large Dose 


LD 
LD 
LD 
LD 
LD 
LD 
LD 
LD 
LD 9 
LD 10 
LD 11 
LD 12 
LD 13 
LD 14 
LD 15 


29.7 
29.3 
34.7 
30.7 
33.3 
2843 27.3 
_ 3 28.7 
372 33.0 
309 21.7 
240 16.0 
178 : 13.3 
224 : 23.7 
298 = 35 33.3 
240 14.0 
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BW,=Body weight on day that PZI treatments began. 

BW,=Body weight on day after PZI treatments ended. 

FI,= Mean food intake during 3 days before PZI treatments began. 

FI,=Food intake on last day that PZI treatments were given and 
tolerated. 

Striatal DA could not be determined in 6 rats, 5 of which (LD 
10-12, 14, 15) died during the period of PZI treatments. 

For 9 control animals, BW,;=355.8 + 8.4 g, BW,=455.0 + 13.0g, 
FI,=31.6 + 1.3 g, and Fl,=44.4 + 1.3 g. 


(Norepinephrine was not depleted in any animal.) Each of 
these rats had resumed eating and drinking within a few days 
after the lesions. The other six animals grew quite slowly 
after the 6-HDA treatments, two requiring special palatable 
foods to promote intake shortly after the lesions. As indi- 
cated in Table 2, none of them withstood the complete series 
of PZI treatments. Unfortunately, all but one of these 
animals died in hypoglycemic shock and thus their brain le- 
sions could not be directly evaluated. 

Control rats given the 15-day series of PZI treatments 
increased their daily food intake significantly and gained 5—6 
g/day (both p’s <0.001). In contrast, only four of the 19 rats 
with LH lesions tolerated this series. These animals each had 
small lesions and had consumed chow and water within 1-2 
days after the lesions. However, as indicated in Table 3, the 
six other rats with small lesions and comparably rapid rates 
of recovery did not last the full series. Surprisingly, there was 
no apparent relation between tolerance of the PZI treatments 


A. Small Lesion 


B. Large Lesion 


LL 
LL 
LL 
LL 
LL 
LL 
LL 
LL 
LL 


23 
14 
19 
12 
17 
137 
76 


380 
350 
350 
312 
360 
204 
330 
336 
320 328 
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Abbreviations as in Table 1. Two rats were tested while in Stage 3 
of recovery; one (LL8) was given 1% sucrose to drink instead of 
water, the other (LL9) was given milk as food instead of pelleted 
chow. For 6 control animals, BW,=451.6+ 8.3 g, BW,= 
532.8 + 7.4 g, FI,=30.3 + 0.7 g, and FI,=34.5 + 0.4 g. 


and increase in daily food intake; although each of the ten 
animals with small LH lesions increased their daily food in- 
take, five did so by only a few grams each day and three of 
them were among the four animals that tolerated the entire 
series. There also was no relation between tolerance of the 
PZI treatments and the induced increase in body weight; all 
ten rats gained 3-5 g each day (greater than 0-2 g/day during 
the control period, p<0.001), even those that did not com- 
plete the series. 

The nine rats having larger bilateral LH lesions were ini- 
tially more affected by their lesions (i.e., at least 12 days of 
adipsia), weighed less at an equivalent time postoperatively, 
and were less tolerant of the PZI treatments than were the 
rats with small LH lesions (all p’s<0.001). None tolerated 
more than six days of PZI treatments (Table 3). Indeed, only 
five lasted more than two days, each of which increased their 
food intake before suddenly showing an intolerance of the 
treatments. They included one adipsic rat (LLY), tested in 
**Stage 3 of recovery’’ [32] and given milk instead of pelleted 
chow, which increased its daily caloric intake from 76 to 108 
kcal during the first four days of the series. 


DISCUSSION 


DA-depleting brain lesions, produced either by intra- 
cerebral injections of 6-HDA or by electrolytic lesions 
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of the LH area, are well known to impair the feeding and 
drinking responses of rats to acute homeostatic challenges 
[31]. In the present experiments, such lesions were varied in 
size to determine their effects on the hyperphagic response 
of rats to the chronic regulatory imbalances that result from 
electrolytic lesions of the VMH or from PZI treatments. 
Both types of DA-depleting brain lesions were found to inter- 
fere with the development of hyperphagia in each case. 
Overeating after VMH lesions appears to be based on 
reflexive hyperinsulinism, with the induced increase in 
lipogenesis causing disproportionate amounts of the ingested 
food to be stored as fat, and in consequence, the need for 
renewed eating [9,19]. Rats with previous LH or 6-HDA 
lesions clearly do not gain as much weight after VMH lesions 
as control rats. These results are consistent with the findings 
of Yin and Liu [35], who reported that when VMH lesions 
were given to 13 male rats which had required 5 to 20 days to 
resume eating and drinking after bilateral LH lesions, sus- 
tained hyperphagia developed in only three animals and their 
body weight gain was only 2-3 g/day; in contrast, control 
male rats with VMH lesions gained at least 5—6 g/day. The 
results are also consistent with the findings of Rowland et al. 
[22], who reported that intranigral 6-HDA treatments which 
produced striatal DA depletions of 92-98% in four female 
rats eliminated the development of obesity after VMH dam- 
age in each animal. On the other hand, the present results 
appear to contradict the findings of Coscina er al. [6], who 
reported that VMH lesions produced normal increases in 
body weight of 2-3 g/day in five female rats pretreated 
intracisternally with 6-HDA and having 60-85% depletions of 
forebrain DA. Since we found that 10 of 11 male rats with 
comparable 6-HDA lesions also gained only 2-3 g/day after 
the VMH lesions were made, the apparent sex difference in 


the effects of small DA-depleting brain lesions on body 
weight gain after VMH lesions may simply arise from the 
fact that control VMH-lesioned male rats eat more than the 
females do. Thus, both groups may be similarly limited in 
how much they can eat after the DA-depleting brain lesions, 
but the effects in male rats may stand out because they are 
unable to ingest the large amount of food required to gain 


weight at control rates (i.e., 5-6 g/day; although, like the 
females, they can eat enough to gain weight at 2-3 g/day). 
With larger DA-depleting brain lesions, food intake may be 
so constrained that rats cannot eat enough to gain 2-3 g/day 
and, consequently, the effects of the lesions are seen even 
when female rats are studied. 

Given the dependence of the VMH syndrome on hyperin- 
sulinism [13], it is conceivable that the LH lesions were ef- 
fective in attenuating the syndrome by disrupting the vagally 
mediated reflex secretion of insulin, as it does other digestive 
reflexes [11,23]. However, LH lesions given to weanling rats 
have been shown not to affect the hyperinsulinemia and ele- 
vated Lee Index that is produced by prior VMH lesions [25]. 
Furthermore, as Fig. | indicates, the results obtained with 
LH lesions were the same as those observed with 6-HDA 
pretreatments, which should not directly affect peripheral 
metabolism. Thus, this hypothesis seems to have little sup- 
port. Alternatively, since LH and 6-HDA lesions by them- 
selves produce permanent reductions in the level at which 
body weight is maintained (e.g., [20,30]), it seems possible 
that there is a general decrease in the sensitivity of the 
animals to the activating effects of hunger and taste sensa- 
tions [31]. According to this notion, animals with DA- 
depleting brain lesions weigh less than controls because it 
takes a greater stimulus of hunger to provoke feeding in them 


and less food intake to cause that stimulus to slip below 
threshold levels of activation. From this perspective, the 
long-term reduction in body weight, even after small lesions, 
may be seen as a subtle aspect of the general sensory neglect 
that is most readily observed soon after large LH or 6-HDA 
lesions [17,19]. 

The LH and 6-HDA lesions also interfered with the de- 
velopment of hyperphagia and obesity when PZI treatments 
were given. Here, the stimulus to eat presumably results in 
part from an increased storage of metabolic fuels due to the 
hyperinsulinism and from the activation of central 
chemoreceptors due to the pronounced hypoglycemia [9]. 
Because gluconeogenesis is probably suppressed in these 
animals as well, the PZI treatments create a continual need 
for food that increases in proportion to the administered dose 
of insulin and becomes life-threatening if not met. Recent 
investigations indicate that food intake is essential for the 
survival of adult rats when the doses of insulin exceed 5—6 
U/kg [5]. Such large doses were given in the present experi- 
ment and control rats met this challenge by increasing their 
food intake appropriately; note that survival was not invari- 
ably associated with pronounced hyperphagia, perhaps be- 
cause the rat may best deal with chronic hypoglycemia by 
eating more often (especially in the day time) rather than 
simply by eating more food [10]. In contrast, none of the 12 
rats with large LH or 6-HDA-induced lesions and which had 
been adipsic for at least 4 days postoperatively could tolerate 
the complete series of PZI treatments. 

On the other hand, as indicated in Table 3, the brain- 
damaged animals usually became hyperphagic at least for a 
while before succumbing to hypoglycemia. This may be con- 
trasted with the consistent failure of rats with 6-HDA or LH 
lesions to eat in response to acute glucoprivation produced 
by systemic treatment with 2-deoxyglucose or a single large 
dose of insulin (e.g., [7, 34, 36]). Recent reports indicate that 
those animals show severe sensorimotor dysfunctions during 
such glucoprivation which preclude feeding [26,28]. Thus, as 
proposed previously [31], rats with 6-HDA or LH lesions 
seem to have a contracted range of stimuli that they can 
respond to, being relatively insensitive to small stimuli and 
intolerant of large ones. If this formulation is correct, then it 
should provide a serious constraint in the way they can deal 
with insulin-induced hypoglycemia; that is, they may not 
become aware of the glucoprivation until it was relatively 
large but could not respond to it behaviorally when it became 
too large. From this perspective, only a relatively narrow 
‘‘window’’ of stimuli would elicit appropriate responses in 
rats with large lesions. Extending the analogy, the window 
might stay open longer and thereby permit a response when 
more gradual and prolonged hypoglycemia is produced with 
PZI than when regular insulin is used. These views obviously 
are in agreement with the present findings and they are con- 
sistent as well with previous reports from this laboratory 
concerning the food and water intakes of rats with LH or 
6-HDA lesions when they are subjected to other homeostatic 
imbalances [27,29]. 

These considerations do not imply that LH and 6- 
HDA-induced lesions produce equivalent behavioral im- 
pairments. Indeed, it is striking that 16 of 22 6-HDA-treated 
rats survived their PZI treatments while 15 of 19 animals 
with LH lesions did not tolerate what should have been a less 
demanding regimen, including 6 that ate and drank within 24 
hr after receiving small lesions. Evidently, the 6- 
HDA- induced lesion does not impair tolerance to glucopri- 
vation unless the lesion is very large, whereas the same does 
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not appear to be true of electrolytic lesions of the LH area. 
Several possible bases for this difference may be considered. 
First, rats with LH lesions become nocturnal feeders [14,15] 
and therefore they may not eat sufficient food during the day 
to withstand the chronic hypoglycemia (see also [21]). Sec- 
ond, LH lesions may compromise the adrenal medullary re- 
sponse to glucoprivation [12] and therefore leave the animals 
less able to mobilize stored metabolic fuel to compensate for 
the induced hypoglycemia. Third, rats with LH lesions eat 
chow less efficiently and digest it more slowly than normal 
[11,27] and therefore they may not be able to get exogenous 
nutrients into the circulation fast enough to compensate for 
an acute metabolic emergency. These alternatives are not 
mutually exclusive. 

To summarize, DA-depleting brain lesions induced either 
by 6-HDA pretreatments or by electrolytic lesions of the LH 
area Clearly interfere with the development of hyperphagia 
and obesity that otherwise results from YMH damage or 
chronic treatment with insulin. Because the two methods for 
producing experimental hyperphagia do so in different ways, 
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it is tempting to speculate that the effectiveness of the 
6-HDA or LH lesions results from a single common basis. 
That basis may be the proposed insensitivity of such brain- 
damaged animals to the activational effects of hunger and the 
sensory cues emanating from food as suggested by previous 
studies. Regardless of what the underlying causes prove to 
be, however, the present report indicates that the DA- 
depleting brain lesions need not be extensive, nor produce 
prolonged initial periods of aphagia and adipsia, for them to 
interfere with the development of experimental hyperphagia 
and obesity. 
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SKARSFELDT, T. Differences in localization of substantia nigra vs interaural line in Wistar and Sprague Dawley rats 

PHYSIOL. BEHAV. 28(2) 279-280, 1982.—The position of substantia nigra anterior to the interaural line has been cor- 
related with body weight in Wistar rats. A regression line y=0.0050x+1.36 makes it possible to locate the substantia 
nigra in different sized rats ranging between 140 g and 460 g. This equation is not valid for Sprague Dawley rats. The 
position of bregma anterior to the interaural line has also been examined. A fairly good correlation was found for Sprague 


Dawley rats while the position of bregma in Wistar rats was much more variable. 
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DURING the investigation of nigral dopamine neuron re- 
sponse to different neuroleptics in Wistar rats weighing 
280-320 g, it has been necessary to locate the position of the 
substantia nigra (SN) in relation to body weight. According 
to Konig and Klippel [1] the SN is situated between 1.8 and 
2.2 mm anterior to the interaural line in Wistar rats weighing 
150 g. 

Previously, Whishaw et al. [4] have described the rela- 
tion between the interaural line to bregma distance and body 
weight in Sprague Dawley rats. It was noted that brain posi- 
tion was best estimated using bregma as a reference point. 
By comparing the two statements it was assumed that the SN 
could be estimated from the position of bregma. 

Recent analysis by B. M. Slotnick and D. L. Brown [3] 
reported that high correlations exist between the position of 
skull points and cerebral structures. They also reported that 
the use of a dual predictor system in predicting the position 
of cerebral targets would produce more than 40% reduction 
in errors compared to the use of single predictors. However, 
these relations led to inconsistent localization of the SN in 
Wistar rats and it was therefore necessary to examine this 
problem in our strain of rats. 


METHOD 


Animals 


Forty-four male Wistar rats (Mol: WIST) and fifteen male 
Sprague Dawley rats (Mol:SPRD) were used. The body 
weight ranged between 140 g and 460 g. 


Procedure 


The rats were anaesthetized with chloralhydrate (400 mg 
kg™! IP) and tracheotomized. A catheter was placed in the 


Interaural line 


Rats Bregma 


femoral vein for maintenance of the chloralhydrate anaes- 
thesia (80 mg kg™' hr~'). The skull was exposed and the rat 
placed in a stereotaxic apparatus (David Kopf) according to 
K6nig and Klippel [1] and Pieri and Tschirky [2], i.e., with 
the incisor bar 5° below the horisontal plane passing through 
the interaural line. 

With the head in this position the distance between the 
interaural line and bregma was measured. If the coronal su- 
ture intersected with the longitudinal fissure at different 
places, the point midway between the two fissures was used 
for the measurement. With dental equipment a hole (3x3 
mm) was made in the left side of the skull anterior to lambda. 
A microelectrode with tip diameter of approximately 2-5 um 
(resistance 2-6 MQ) filled with 2 M NaC! saturated with fast 
green dye was lowered through the hole at the lateral coordi- 
nate 1.7 mm. The tip of the microelectrode was placed be- 
tween 7.2 and 7.5 mm ina vertical line beneath the dura. The 
coordinate A=2.180 from K6nig and Klippel [1] was chosen 
as zero referent in substantia nigra for all the subsequent 
values. A negative current of 50 V for 15 to 30 minutes was 
used to expulse the fast green dye. The rat was killed by an 
intravenous injection of MgSO,. The brain was removed and 
fixed for 12 hours in Formalin (10%), and sliced (49 um) in a 
microtome cryostat (Minotome, IEC Division). The ex- 
pected position represented by the green spot was corrected 
for the deviation to the observed position of SN. Experi- 
mental values were fitted into a linear regression line. 


RESULTS 


The position of bregma anterior to the interaural line 
showed good correlation (r=0.94, p<0.001, n=15) with body 
weight in Sprague Dawley rats (Fig. 1). In Wistar rats a 
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FIG. 1. The relation between the interaural line to bregma and body 
weight in Sprague Dawley rats. The regression line is represented by 
y=0.0091x+6.07, where y=distance interaural line to bregma and 
x=body weight (r=0.94, p<0.001, n=15). Each point represents 
values from 3 rats (mean+S.D.). 
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FIG. 2. The distance of the interaural line to bregma in relation to 
body weight in Wistar rats. The regression line has not been con- 
structed on account of the deficient correlation (r=0.64, p<0.001, 
n=44). Each point represents values from 4 rats (mean+S.D.). 
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FIG. 3. The position of substantia nigra in relation to body weight. 
The regression line is represented by y=0.0050x+1.36, where 
y=distance of the interaural line to substantia nigra (A=2180) and 
x=body weight (r=0.97, p<0.001, n=14). Each point represents 
values from one rat. 


correlation coefficient r=0.64 (p<0.001, N=44) was found 
(Fig. 2). The position of bregma in Wistar rats with the same 
body weight varied between 0.8 mm and 1.9 mm in relation 
to the interaural line. The distance between the interaural 
line and the SN was determined in Wistar rats with different 
body weights. The linear regression line described by 
y=ax+b, where y=distance from interaural line to SN, 
a=0.0050, x=body weight and b=1.36 (Fig. 3) was con- 
structed. The correlation coefficient was r=0.97 and signifi- 
cance of p<0.001. The regression line y=0.0050x + 1.36 was 
tested on Sprague Dawley rats to locate the SN. It showed 
that the SN is placed more posterior (mean 0.4 mm+0.1 mm) 
in relation to the position of this nucleus in Wistar rats. 


DISCUSSION 


Many experiments with rats are often continued for long 
periods with subsequent change in size and body weight. 
This of course will change the length of the skull and the 
position of the brain, too. Whishaw et al. [4] stated that if 
Sprague Dawley rats of different size are used in investiga- 
tions, fairly precise stereotaxic localization can be obtained 
using bregma as a zero referent provided that the skull angle 
is kept constant. However, the present work in Wistar rats 
has shown that using bregma as zero referent in locating the 
position of SN in different sized rats will be misleading. 

In Wistar rats the best results will be obtained when the 
position of SN is estimated from the regression line 
y =0.0050x + 1.36, which is different from that obtained in 
Sprague Dawley rats. 
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CARR, W.J., M. L. DISSINGER AND M. R. SCANNAPIECO. The stimulus-basis of a natural food aversion in Norway 
rats. PHYSIOL. BEHAV. 28(2)281-—287, 1982.—During a 30-min test, hungry adult male Norway rats were permitted to feed on 
male rodents, freshly sacrificed by CO, asphyxiation. In Experiment 1, the proportion of subjects feeding on the intact 
carcass of a dead conspecific decreased as a function of the dead conspecific’s age. But the proportion of subjects feeding 
on the intact carcass of a dead house mouse remained high, regardless of the mouse’s age. In Experiment 2, Norway rats 
were as likely to feed on tissue (heart, liver, and blood) from a conspecific as on tissue from a roof rat. In Experiment 3, 
lesions of increasing size on the skin of an adult conspecific attenuated and finally eliminated the aversion by Norway rats 
to feed on the conspecific. Taken together, the present and earlier findings suggest that the tendency by Norway rats to 
reject a dead adult conspecific as food is mediated, at least in part, by the same species-characteristic odor from the 
conspecific’s inedible coat by which rats identify one another as conspecifics 
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IN much laboratory research on food selection, animals are 
offered some artificial food item (e.g., lab chow or a nutritive 
solution) which they accept or reject on the basis of the 
item’s fully exposed stimulus-characteristics; e.g., its taste, 
smell, color, or texture. But in the natural environment, 
many food items are protected by a relatively inedible cover- 
ing which animals must penetrate in order to feed. In the 
case of animals that rely on scavenging animal tissue for all 
or part of their diet, the edible tissue they seek is usually 
covered by the dead animal's inedible coat of tough hide, fur, 
or feathers. Therefore, hungry scavengers are likely to ac- 
cept or reject an intact carcass as food not on the basis of the 
stimulus-characteristics of its edible components, but rather 
on the basis of the stimulus-characteristics of its inedible 
covering. In short, the hungry scavenger either tears open 
the covering and feeds on the tissue beneath, or it leaves the 
carcass intact and seeks food elsewhere. 

The tendency to accept or reject a carcass as food on the 
basis of the stimulus-characteristics of its inedible covering 
is especially apparent when a hungry scavenger encounters a 
dead conspecific. Many mammalian scavengers treat such a 
carcass as suboptimal food, the more so if the deceased is an 
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adult that has been dead only a short time. We view this 
phenomenon as a food aversion, here defined as the tend- 
ency by a majority of hungry animals to remain hungry 
rather than feed on a dead conspecific, coupled with a tend- 
ency by a majority to feed on a comparable nonconspecific 
rather than remain hungry. Others [20,31] have defined the 
term, food aversion, in a similar fashion. The present food 
aversion is said to occur in a wide variety of species living 
under natural conditions [4, 21, 29] and it has been demon- 
strated, albeit with varying degrees of precision, under lab- 
oratory conditions in domestic dogs [17, 25, 32, 33, 34], rats 
[7, 8, 9], and mice [9]. 

Because it constrains the feeding behavior of so many 
species, the aversion to feed on conspecific flesh qualifies as 
a biologically significant phenomenon [4, 14, 29], worthy of 
experimental analysis aimed at explicating its stimulus-basis, 
neuroendocrine substrate, ontogeny, and phylogeny. To be 
sure, some hungry animals will feed on a dead adult con- 
specific, but often as the food of last resort. We agree with 
others [12,18] who argue that the fundamental issue is not 
why a few hungry animals accept conspecific flesh but, 
rather, why the great majority reject it. In a world where 
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animal protein is often in short supply, why allow the protein 
to pass on to other species in the food chain [11]? Indeed, 
some believe that conspecific flesh should make ideal food, 
because it consists of the same materials of which the 
scavenger is composed, and in the same proportions [1, 13, 
18, 24]. 

Flesh-eaters are likely to reject a recently deceased adult 
conspecific as food, because its relatively inedible covering 
retains the stimuli by which living animals recognize the car- 
cass as that of a conspecific. This raises three questions 
concerning the stimulus-basis of the present food aversion. 
First, what stimuli from the covering tend to inhibit hungry 
flesh-eaters from feeding on a dead adult conspecific? Sec- 
ond, are the inhibitory stimuli limited to the covering or do 
they pervade the interior of the carcass as well? Third, since 
the covering of a neonatal animal often differs from that of 
adults, does a dead neonate’s covering also protect it from 
scavenging by hungry adult conspecifics? 

Answers to the questions here posed are likely to vary 
with the species under investigation. The present research is 
based upon the behavior of Norway rats (Rattus nor- 
vegicus), a species that not only scavenges from dead 
animals, but also preys on live ones [2, 19, 27]. Yet, wild 
Norway rats living in socially stable groups in a seminatural 
environment do not feed on dead packmates at all or feed on 
them only after they have been dead for a day or more [6,35]. 
Among rats, social stress facilitates feeding on dead adult 
conspecifics and on conspecific young, living or dead [3, 6, 
23}. 


EXPERIMENT | 


Hungry Norway rats exhibit an aversion to feed on the 
intact carcass of a freshly sacrificed adult conspecific in the 
sense that most rats remain hungry rather than feed on such 
a conspecific, whereas most rats feed readily on the intact 
carcass of a house mouse (Mus musculus) or a roof rat (Rat- 
tus rattus) rather than remain hungry [7, 8, 9]. In an effort to 
learn more about the source of the stimuli mediating this 
food aversion, the present experiment was conducted to de- 
termine whether hungry adult rats also reject the intact car- 
cass of a freshly sacrificed neonatal conspecific which lacks 
the adult’s inedible coat. To this end, we compared the tend- 
ency by hungry adult male rats to feed on the intact carcass 
of a freshly sacrificed rodent (hereinafter called a donor) of 
varying age, half of the subjects receiving a conspecific 
donor and half receiving a house mouse donor, the latter 
serving as comparable non conspecific flesh. By using rats 
and mice as donors, we could determine whether the effect 
of donor-age on feeding behavior is species-dependent. Ear- 
lier research [7] revealed that the species-dependent effect is 
not due to the difference in size of rat vs. mouse donors: e.g., 
hungry rats offered a pair of skinned donors (one rat and one 
mouse) fed indiscriminately, usually on both donors (also, 
see Experiment 3 below). 


METHOD 


Subjects and Donors 


The subjects were 103 male rats (Long-Evans), aged 3—4 
months at the time of testing. The donors were 62 male rats 
(Long-Evans) and 41 male mice (Swiss-Webster, ICR). The 
subjects were assigned randomly to one of seven groups 
(n=12-16 per group) differing only with respect to the spe- 
cies and/or age of the donor they were offered during testing. 
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At the time of testing, the donors were 1, 7-8, 22-23, or 
150-155 days old. The rats and mice were maintained in 
separate temperature controlled rooms (21—22°C) on a 12:12 
hr light:dark cycle, the lights going off at 1200 hr. 


Apparatus and Procedure 


Ten days before testing, pairs of subjects were housed in 
cylindrical cages (46x91 cm) specially designed to permit 
close observation of feeding behavior. The cage floors 
were covered with bedding (pinewood chips) which was 
changed weekly, and on the day before testing. During the 
10-day pretest period, the subjects were offered 60 g of pow- 
dered lab chow from 1300-1400 hr each day. Water was 
available constantly. 

On the day of testing, each subject received a single 
30-min feeding test in its homecage while it was 23-24 hr 
food deprived. At the outset of the test, a donor was placed 
in the center of the subject’s cage. A mirror located just 
above the cage enabled the experimenter to observe the la- 
tency to begin feeding and the part(s) of the donor con- 
sumed. Feeding was said to begin when the subject pierced 
the donor’s skin or removed a digit. Several subjects were 
tested simultaneously so the output of a white noise 
generator was used to mask the sounds of feeding and other 
extraneous noises. 

Three hr before testing, the subject’s cagemate was tras- 
ferred to a holding cage and the subject, still in its homecage, 
was transferred to another room where testing took place. 
The bedding was changed after the test and before the sub- 
ject’s cagemate was returned. Thus, subjects awaiting test- 
ing were not exposed to stimuli from the donors. Prior to 
testing, the subjects were housed in pairs to eliminate 
isolation-induced stress which is known to disrupt social be- 
havior in rats [26], and because it was felt that, during the 
pretest period, the subjects should remain in close proximity 
to a potential food item they would ordinarily reject; i.e., a 
live adult conspecific. 

The donors were asphyxiated by a technique said to 
produce no histological changes in nonpulmonary tissues 
and only slight pulmonary changes [38]. While still in their 
homecages, the donors were lowered into a 43x 54x 140 cm 
plastic bag containing 75-85% CO,. They appeared to be 
unconscious within | min and they were dead within 5 min. 
The elapsed time between the death of the donors and the 
beginning of testing was 15-20 min. 

The donors were weighed before and after testing to de- 
termine the amount of tissue consumed by the subjects. 
Wounds on the carcass of a dead conspecific may facilitate 
feeding by rats [3, 6, 39]. Therefore, the donors were exam- 
ined carefully and those with scars were not used in testing. 
Rats can identify one another as individuals via olfaction 
[10]. Consequently, each subject was offered a donor that 
had never been housed with that subject. 


RESULTS AND DISCUSSION 


The performance of the subjects during the 30-min test 
was analyzed using three correlated measures, each reflect- 
ing a somewhat different aspect of the subject’s tendency to 
treat the two types of donor as food: (a) the proportion of 
subjects feeding on each type, (b) the latency to feed on each 
type, and (c) the amount of tissue consumed from each type. 
An aversion was inferred if, on one or more of these three 
measures, the subjects exhibited a reliably greater tendency 
to reject as food the conspecific donor than the mouse donor. 
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TABLE 1 


PERFORMANCE OF NORWAY RATS OFFERED A RAT DONOR OR A 
MOUSE DONOR OF VARYING AGE 





M Amount 
Eaten 


M Feeding 
Latency 
(min)* 


Age of 
Donors 
(days) 


Number 
Feeding 





Subjects Offered a Rat Donor 


I 15 15 
7-8 15 11 
22-23 16 9 

150-155 16 4 


Subjects Offered a Mouse Donor 


l 14 13 3.6 
22-23 12 10 7.8 


oF oe 


150-155 15 13 9.3 





*Subjects not feeding were assigned a feeding latency of 30 min. 


Table | summarizes the feeding behavior of the subjects 
each offered a rat donor of varying age. A Chi-Square 
analysis, based on frequency data, revealed that the four 
groups differed reliably in the proportion of subjects feeding 
during the 30-min test, x7(3)=19.7, p><0.01. The same type of 
analysis revealed that the proportion of subjects feeding on 
younger rat donors (1-8 days old) was reliably greater than 


the proportion feeding on older donors (22-155 days old), 
x*(1)=14.1, p<0.001. 

Overall, the four groups of subjects offered a rat donor of 
varying age also differed reliably in feeding latencies, 
Kruskal-Wallis one-way analysis of variance, H(3)=15.2, 
p<0.01, and they differed reliably in the amount of tissue 
consumed, H(3)=19.2, p<0.001. The subjects offered 
younger rat donors (1-8 days old) exhibited reliably shorter 
feeding latencies than those offered older rat donors (22-155 
days old), Mann-Whitney U Test, z=3.14, »><0.002. The sub- 
jects offered younger rat donors also consumed reliably 
more tissue than those offered older rat donors, z=3.77, 
p<0.001. This, despite the fact that the subjects offered 
younger donors received much less tissue on which to feed, 
given the limited size of their donors. Indeed, 14 of the 15 
subjects offered a 1-day old rat donor consumed the carcass 
completely, including the external coat, as did 6 of the 15 
subjects offered a 7-8 day old rat donor. But none of the 32 
subjects offered a rat donor aged 22 days or older consumed 
any appreciable amount of the donor’s coat. 

Table | also shows the performance of the three groups of 
subjects offered a mouse donor of varying age. Overall, the 
three groups did not differ reliably in the proportion of sub- 
jects feeding during the 30-min test nor did they differ reli- 
ably in feeding latencies. The three groups did differ reliably 
in the amount of tissue consumed, H(2)=14.1, p<0.001, but 
this is no doubt due to the between-group differences in the 
initial size of the mouse donors. All 13 subjects that fed on a 
l-day old mouse donor consumed the donor completely 
within a few minutes after they began feeding. 

Under present conditions, hungry Norway rats exhibit no 
aversion to feed on dead neonatal conspecifics. The great 
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majority of our subjects (28 of 29) fed within 30 min on a 
neonatal rodent, regardless of its species (rat or mouse). But 
as the age of the rodent donor increases, hungry rats treat a 
rat donor as increasingly unacceptable food. That is, they 
become less likely to tear open a rat donor's coat and feed on 
the tissues beneath. Whereas, hungry rats readily tear open a 
mouse donor’s coat and feed on the tissues beneath, regard- 
less of the mouse donor’s age. As was shown earlier [7] and 
will be shown again (Experiment 3), this species-dependent 
effect is not due to the difference in size of rat vs mouse 
donors. 

The present findings are consistent with the view that the 
feeding behavior of hungry Norway rats is inhibited by 
stimuli from the relatively inedible coat of a conspecific aged 
22 days or more, but not by the stimuli from the covering of a 
neonatal conspecific. Other investigators have suggested 
that a conspecific’s coat may inhibit rats from killing and 
eating one another [15, 16, 23, 30] and previous research 
suggests that the inhibition is mediated, at least in part, by 
the same species-characteristic odor by which rats identify 
one another as conspecifics [7,8]. 

The present findings are also consistent with a report by 
Paul and Kupferschmidt [28] that rats are less likely to kill 
and eat a weanling conspecific than a weanling mouse, but 
are equally likely to kill and eat a neonatal conspecific or a 
neonatal mouse; thus, demonstrating that the donor-age ef- 
fect is species-dependent. Paul and Kupferschmidt used live 
donors, and neonatal vs weanling conspecifics may differ in 
their response to the approach and/or attack by adults. The 
use of dead donors in the present experiment eliminates this 
differential responsiveness as a possible explanation of the 
tendency by rats to accept neonatal conspecifics as food, but 
to reject weanling conspecifics. 


EXPERIMENT 2 


Hungry Norway rats offered a pair of intact, adult donors 
(one conspecific and one house mouse) reject the conspecific 
as food, and feed instead on the mouse [7,9]. But if the 
donors have been skinned, leaving most of the fascia intact, 
Norway rats feed indiscriminately, usually on both donors [7]. 
These findings suggest that the stimuli inhibiting Norway 
rats from feeding on a dead adult conspecific are confined to 
the conspecific’s coat, and do not pervade the interior of the 
carcass. 

However, other investigators reported that Norway rats 
display a fright reaction when presented with fresh con- 
specific blood, but not when presented with fresh guinea pig 
blood [36,37]. Such a reaction is likely to inhibit feeding 
behavior. Therefore, since the fascia beneath the rat’s skin is 
relatively bloodless and dries quickly on exposure to air [7], 
Norway rats might exhibit an aversion to feed on bloody 
conspecific tissue, but not exhibit the aversion if the tissue is 
convered with fascia. Consequently, the present experiment 
was conducted to determine whether hungry Norway rats 
react differentially in a feeding test during which they are 
offered a sample of tissues (heart, liver, and blood) from a 
freshly sacrificed adult rodent, half of the subjects receiving 
tissue from a conspecific and half from a roof rat (Rattus 
rattus), a congeneric species quite similar to the Norway rat. 
Prior to testing, the Norway rat subjects had been raised 
exclusively on lab chow pellets. Therefore, tissues from a 
roof rat served as a suitable control for the novel food item 
used during testing; i.e., bloody internal parts. 





TABLE 2 


PERFORMANCE OF NORWAY RATS OFFERED INTERNAL PARTS 
FROM A CONSPECIFIC DONOR OR A ROOF RAT DONOR 





M M 
Feeding Feeding 
Latency Time 
(min)* (min) 


Test Number 
Materials Feeding 





from Norway Rats 11 3.4 8.0 
from Roof Rats 11 4.2 6.7 





*Subjects not feeding were assigned a feeding latency of 30 min. 


METHOD 


The subjects were 24 Norway rats (Long-Evans), aged 
3—4 months at the time of testing. None had served in a 
feeding experiment before. The donors were 6 male Norway 
rats of the same strain and age as the subjects, and 6 adult 
male roof rats (Rattus rattus) that had been born and raised 
in a seminatural environment. Ten days before the feeding 
test, the subjects were housed in pairs in plastic cages 
measuring 13X22x35 cm, and covered with wire lids. 
Otherwise, the pretest conditions were identical to those of 
Experiment 1. 

At the outset of the 30-min feeding test, each subject re- 
ceived a metal pan (3x 10 cm) containing 10 g of finely diced 
internal parts (heart and liver), plus 1.5 ml of blood drawn 
from the chest cevity of a freshly sacrificed donor. By ran- 
dom assignment, 12 subjects received test materials from a 
conspecific donor and 12 from a roof rat donor. Each donor 
provided test materials for two subjects. The elapsed time 
between the death of the donors and the onset of testing was 
20-25 min. 

During the feeding test, the subjects’ homecages were 
mounted on a standard animal cage rack and the experi- 
menters observed the subjects from behind a one-way view- 
ing screen located about 1 m from the rack. The experi- 
menters recorded the subject’s feeding latency and feeding 
time; i.e., the elapsed time between the onset of feeding and 
the completion of the meal. Otherwise, the test conditions 
were identical to those of Experiment 1. 


RESULTS AND DISCUSSION 


Table 2 shows the performance of the two groups of Nor- 
way rats offered bloody tissue from either a conspecific 
donor or a roof rat donor. One subject in each group failed to 
feed during the 30-min test, but the 11 remaining subjects in 
each group fed readily and consumed the test material com- 
pletely. The two groups did not differ reliably with respect to 
their feeding latencies or feeding times. 

Therefore, we conclude that, under present testing con- 
ditions, hungry Norway rats exhibit no demonstrable aver- 
sion to feed on bloody conspecific tissue. This finding sup- 
ports the view that the stimuli mediating the rat’s tendency 
to reject conspecific flesh as food are confined to the con- 
specific’s coat, and do not pervade its interior. In sharp 
contrast, hungry wolves and domestic dogs usually reject 
chunks of conspecific flesh from which the skin has been 
removed [21, 32, 33, 34], unless the flesh has been boiled 
prior to testing [17,25]. 
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EXPERIMENT 3 


The results of Experiments | and 2 are congruent with 
earlier reports [7,8] suggesting that the species-characteristic 
odor from the inedible coat of a freshly sacrificed Norway rat 
serves as an envelope partially protecting its contents from 
would-be conspecific scavengers. Moreover, there is some 
evidence suggesting that the coat must be intact; i.e., that 
the envelope be sealed. Several workers reported that Nor- 
way rats feed readily on conspecific carcasses possessing 
open wounds [3, 6, 39]. More recently, Kelly (personal 
communication) reported that of 9 hungry rats that had failed 
to feed on an intact conspecific donor during a 45-min test, 6 
fed within 15 min after a 2-cm incision had been made 
through the skin at the neck. All 6 began feeding at the inci- 
sion. 

But Paul and Kupferschmidt [28] reported that Norway 
rats also feed more readily on a mouse donor from which a 
section of skin had been removed than from an intact mouse, 
which suggests that the effect of a lesion of the skin on feed- 
ing behavior may not be species-dependent. Therefore, the 
present experiment was conducted to determine whether le- 
sions of the skin of varying size influence the feeding behav- 
ior of hungry Norway rats offered a pair of freshly sacrificed 
donors (one rat and one house mouse). 

Lesions of the skin of increasing size represent inter- 
mediate points along the continuum separating intact donors 
from skinned donors. Therefore, by varying the size of the 
lesion, we could provide additional information concerning 
the envelope hypothesis here proposed. That is, whether: (a) 
lesions of increasing size only gradually attenuate and finally 
eliminate the aversion or (b) even a relatively small lesion 
eliminates the aversion completely by providing a point of 
easy access to the tissues beneath. 


METHOD 


The subjects were 57 male rats (Long-Evans), aged 3-4 
months at the time of testing. None had served in a feeding 
experiment before. The donors were 57 male rats of the same 
strain and age as the subjects, and 57 adult male mice 
(Swiss-Webster, ICR). 

The subjects were assigned randomly to one of four 
groups (n=14~-15 per group) differing only with respect to 
the condition of the skin of the pair of donors (one rat and 
one mouse) they were offered during the feeding test. Within 
a few minutes of their death, the pairs of donors received one 
of the following treatments: (a) no incision, (b) an incision 
beginning at the neck and extending 2 cm along the ventral 
midline, (c) an incision beginning at the neck and extending 7 
cm along the ventral midline, or (d) an excision of a 
rectangular section of skin from the ventrum measuring ap- 
proximately 2.53.6 cm (i.e., 9 cm’). The lesions penetrated 
the skin, leaving most of the fascia intact. During the 30-min 
feeding test, the subjects’ homecages were located on the 
floor of the room, about 25 cm apart. The experimenters 
observed 4-6 subjects at a time from behind the one-way 
viewing screen. Otherwise, the pretest and test conditions 
were the same as in Experiment 2. 


RESULTS AND DISCUSSION 


Tables 3, 4, and 5 summarize the performance of the four 
groups of subjects offered a pair of donors (one rat and one 
mouse) during the 30-min test. As shown in Table 3, 10 of the 
14 subjects offered a pair of intact donors fed on a least one 
donor. All 10 fed first on the mouse and none fed on the rat at 
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TABLE 3 


SELECTIONS BY NORWAY RATS OFFERED A PAIR OF DONORS (1 RAT 
AND 1 MOUSE) 





Number 
Feeding 
on Neither 
Donor 


Condition of 
Donors’ Skin N 


Number 
Feeding 
on Both 
Donors 


Number 
Feeding 
First on 


Mouse Rat 





Intact 14 
2-cm incision 14 
7-cm incision 14 
9-cm? excision 15 





*Based on y? analyses. 


TABLE 4 


PERFORMANCE OF NORWAY RATS OFFERED A PAIR OF DONORS (1 RAT 
AND | MOUSE) 





M 
Feeding Latency 
(min)* 


Condition of 


Donors’ Skin N Mouse Rat 


M 
Amount Eaten 
(g) 
Mouse Diff. 


Diff. 





22.1 
25.6 
25.5 
16.6 


60.0 
48.2 
50.2 
32.9 


Intact 14 
2-cm incision 14 
7-cm incision 14 
9-cm? excision 15 


13.4 
18.0 
15.7 
13.3 


+13.4 
+ 13,97 
+ 12.74 


4.0 


37.93 
22.67 
24.77 
16.3 





*Subjects not feeding were assigned a feeding latency of 60 min. 


*p<0.05, $p<0.01. 


all; thus, indicating a reliable tendency to reject the rat as 
food, and to feed instead on the mouse, x*(1)=10.0, p<0.01. 
Although a majority of subjects in each of the three remain- 
ing groups fed first on the mouse donor, the proportions did 
not depart significantly from chance expectancy. 

Nevertheless, the data presented in Table 4 reveal that 
the subjects offered donors with a 2-cm or a 7-cm incision 
through the skin did, in fact, exhibit a reliably greater tend- 
ency to reject conspecific flesh than mouse flesh. As might 
be expected from the data in Table 3, the subjects offered a 
pair of intact donors exhibited reliably shorter latencies to 
feed on the mouse than on the rat, Wilcoxon matched-pairs, 
signed-ranks test, 7(10)=0, p<0.01. But the subjects offered 
donors with a 2-cm incision through the skin also exhibited 
reliably shorter latencies to feed on the mouse than on the 
rat, 7(12)=10, p<0.02, as did the subjects offered donors 
with a 7-cm incision through the skin, 7(10)=7, p<0.05. Only 
the subjects offered donors with a 9-cm* section of skin 
removed failed to exhibit a reliable difference in feeding 
latencies between the two types of donor. 

The greater tendency by the subjects offered donors with 
a 2-cm or a 7-cm incision through the skin to reject con- 
specific flesh than mouse flesh also manifests itself in the 
amount of tissue consumed from each type of donor (see 
Table 4). Again, as might be expected from the results pre- 
sented in Table 3, the subjects offered a pair of intact donors 


consumed reliably more tissue from the mouse than from the 
rat, 7(10)=0, p<0.01. But the subjects offered donors with a 
2-cm incision through the skin also consumed reliably more 
tissue from the mouse than from the rat, 7(12)=9, p<0.02, as 
did the subjects offered donors with a 7-cm incision through 
the skin, 7(10)=3, p<0.01. Only subjects offered donors 
with a 9-cm? section of skin removed failed to exhibit a reli- 
able difference in amounts of tissue consumed from the two 
types of donor. 

The apparent discrepancy between the results presented 
in Table 3 vs Table 4 is resolved when one recalls that, 
during the 30-min feeding test, the subjects were free to feed 
for a time on one donor and then switch to feed on the other. 
In fact, of the 46 subjects that fed on at least one donor, 13 
fed on both (see Table 3). But the subjects’ tendency to 
switch from feeding on one donor to the other depended, in 
large measure, upon which donor they fed on first. Of the 42 
subjects offered intact donors or donors with a 2-cm or 7-cm 
incision through the skin, 32 fed on at least one donor. And 
Table 5 shows that, with only 3 exceptions, these 32 subjects 
fed only on the mouse, or having started on the rat, later 
switched to the mouse. The greater tendency to switch from 
feeding on a rat to feeding on a mouse rather than vice versa 
that was exhibited by the subjects offered donors with a 2-cm 
or 7-cm incision through the skin accounts for the statisti- 
cally reliable differences in feeding latencies and amounts of 





TABLE 5 


PERFORMANCE OF NORWAY RATS FEEDING ON AT LEAST ONE 
MEMBER OF A PAIR OF DONORS (1 RAT AND 1 MOUSE) 





Number Feeding 
First on Rat 

Didn't 

Switch 


Number Feeding 
First on Mouse 

Didn't 
Switch 


Condition 


Donors’ Skin Switched Switched 





Intact 10 
2-cm Incision 9 
7-cm Incision 7 
9-cm? Excision : 3 





tissue consumed reported in Table 4. As shown in Table 5, 
only the subjects offered donors with a 9-cm? section re- 
moved fed indiscriminately. 

Therefore, we conclude that the aversion by Norway rats 
to feed on a freshly sacrificed adult conspecific is attenuated 
but not eliminated by an incision through the skin up to 7-cm 
in length. Even subjects that begin feeding on their rat donor 
treat it as suboptimal food in the sense that they consume 
reliably less tissue from that donor, either because they 
switch to the alternative food source (the mouse) or because 
they feed slowly on the rat. Other investigators have com- 
mented on the unusually slow feeding pattern of rats [8], 
hyenas [22], and chimpanzees [5] when feeding on a dead 


conspecific, relative to that displayed when feeding on a non- 


conspecific. 

Under present testing conditions, the tendency by Nor- 
way rats to reject a freshly sacrificed adult conspecific as 
food is absent if the donor lacks its coat entirely [7] or if a 
9-cm* section of the coat has been removed from the donor’s 
ventrum (Experiment 3). What is it about such a donor that 
promotes feeding behavior? In the present experiment, all 
subjects feeding on a rat donor began feeding at the incision 
or excision. Therefore, their failure to reject conspecific 
flesh as food stems either from an attenuation of the 
species-characteristic odor that ordinarily inhibits feeding 
behavior or from the presence of chemoreceptive stimuli that 
facilitate feeding behavior; e.g., a meaty odor and/or taste. 


GENERAL DISCUSSION 


The results of Experiments | and 3 confirm earlier reports 
[7, 8, 9] that most hungry rats reject the intact carcass of a 
freshly sacrificed adult conspecific as food, but most accept 
a dead house mouse. The present findings also provide addi- 
tional support for the view expressed earlier [7, 8, 9] that the 
aversion by Norway rats to feed on a dead adult conspecific 
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is mediated, at least in part, by the same _ species- 
characteristic odor from the dead conspecific’s coat that also 
mediates species-recognition. It is as though the species- 
characteristic odor serves as an envelope, partially protect- 
ing its contents from would-be conspecific scavengers. 
Under present testing conditions, the stimuli mediating the 
rat’s tendency to reject conspecific flesh are confined to the 
dead conspecific’s coat, and do not pervade the interior of 
the carcass. 

The present findings and those in earlier reports are con- 
sistent with the envelope hypothesis here proposed. Among 
Norway rats, the aversion to feed on a dead adult conspecific 
is attenuated if, prior to testing, the carcass is allowed to 
‘‘age’’ for a day or more at room temperature, thus permit- 
ting the species-characteristic odor to dissipate [8]. Even in 
cases where freshly sacrificed adult conspecifics serve as 
donors, the aversion is attenuated if the subjects are ren- 
dered peripherally anosmic and therefore unable to detect 
the species-characteristic odor [8], or if the coat is removed, 
thereby eliminating the site from which the odor arises [7]. 
Lesions on the coat attenuate the aversion by reducing 
species-characteristic odor and/or by increasing the stimuli 
promoting feeding behavior at the site of the lesion (Experi- 
ment 3). Under present testing conditions, internal parts 
(e.g., heart, liver, and blood) excised from freshly sacrificed 
adult conspecifics are treated simply as food (Experiment 2). 
Finally, the aversion to feed on a dead conspecific is elimi- 
nated if the donor is so young as to lack the coat from which 
the species-characteristic odor originates (Experiment 1). 

But the tendency to accept a dead conspecific pup as food 
applies only to adult males that had no prior experience with 
such pups (Carr, Bell, Messori, and Erlichman, unpublished 
data). Of 11 hungry adult males that had cohabited with a 
litter and their dam for 6-9 days prior to testing, none fed on 
a dead conspecific pup (aged 6-9 days) during a 30-min test. 
Whereas, under the same conditions, 13 of 15 males that had 
cohabited with only an adult female fed on a pup. These 
findings point to the importance of previous social experi- 
ence as a determinant of the present food aversion. 

Flesh-eating animals undoubtedly differ as regards the 
cue(s) they employ to identify one another as conspecifics. 
Nevertheless, among the many species that exhibit the pres- 
ent food aversion, it seems likely that the aversion is 
mediated by the same cue(s) mediating species-recognition. 
Indeed, additional research may reveal that species- 
recognition is a prerequisite of the present food aversion. 
Additional research may also throw light on the ontogeny 
and phylogeny of the food aversion. 
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SHIBATA, S.,T. YAMAMOTO AND S. UEKI. Differential effects of medial, central and basolateral amygdaloid lesions 
on four models of experimentally-induced aggression in rats. PHYSIOL. BEHAV. 28(2) 289-294, 1982.—To clarify 
whether various nuclei of the amygdaloid complex play different roles in aggressive behavior including muricide, 4 types of 
aggression were experimentally induced in rats. These include olfactory bulbectomy (OB rats), midbrain raphe lesions 
(Raphe rats), administration of A*-tetrahydrocannabinol (THC rats) and long-term isolation (Iso rats). Rats which exhibited 
muricide following these treatments were subjected to bilateral lesions of either the medial (AME), central (ACE) or 
basolateral (ABL) amygdaloid nuclei. Both muricide and hyperemotionality in the OB rat were markedly inhibited by AME 
lesions. Those of the Iso and THC rats were moderately inhibited. However, in the Raphe rat, aggressive behavior was not 
inhibited by AME lesions. Furthermore, ACE or ABL lesions caused no significant changes in all 4 models of aggression. 
These results suggest that the AME plays a facilitatory role in aggression of OB, Iso and THC rats, but aggression in Raphe 


rat is independent of amygdaloid activity. 


Amygdaloid lesions Muricide 


Olfactory bulbectomy 





AGGRESSIVE behavior, including muricide, can be in- 
duced by various manipulations, i.e., regional brain lesions 
such as olfactory bulbectomy [20, 23, 24], midbrain raphe 
lesions [6, 28, 29], long-term isolation [25] and administration 
of specific types of drug [4, 5, 22]. In these aggression types, 
hyperemotionality has been suppressed by neuroleptics and 
tranquilizers, while muricide can be selectively blocked by 
antidepressants [5, 8, 24, 29]. 

On the other hand, it has been concluded that the cen- 
tromedial amygdala played a facilitatory role in regulating 
hyperemotionality in spontaneous killer rats [9] and olfac- 
tory bulbectomized rats [23], since this aggression was 
inhibited by large amygdaloid lesions. There are many re- 
ports indicating that lesions of the amygdaloid complex re- 
duce fear and aggression in all animal species, including hu- 
mans. In addition, it has been well documented that particu- 
lar nuclei of the amygdaloid complex have varying effects on 
shock-induced intermale aggression [14]. However, no de- 
tailed information concerning muricide and hyperemotional- 
ity of the rat in relation to a particular nucleus of the amyg- 
daloid complex has so far been reported. Furthermore, ag- 
gression may also be differentiated on the basis of the type of 
stimulus situation such as air blown onto the back or capture 
by a gloved hand. 

Previously we reported that aggressive behavior induced 
in rats by midbrain raphe lesions or the administration of 
A®-tetrahydrocannabinol (THC) was different from that in- 


A’-Tetrahydrocannabinol Midbrain raphe Rat 


duced by olfactory bulbectomy with respect to the type of 
aggression and the effects of antidepressants [4, 5, 25, 30]. 
Therefore, the present study was undertaken to determine 
whether particular nuclei of the amygdaloid complex play 
different roles in 4 aggression models induced by various 
methods. 


METHOD 
Animals 


A total of 117 Male Wistar King A rats supplied by 
Kyushu University Institute of Laboratory Animals, weigh- 
ing 220+30 g at the beginning of the experiment, were em- 
ployed. Rats which did not exhibit spontaneous muricide 
were selected for use in the experiment and were divided 
into the following 4 groups (1) long-term isolated rats (N =28) 
[20], (2) olfactory bulbectomized rats (N=44) [20], (3) mid- 
brain raphe lesioned rats (N=25) [28], (4) A*-THC injected 
rats (N =20) [22]. All animals were housed in individual cages 
(17 17X21 cm) with food and water ad lib, maintained under 
standardized conditions of temperature (22-25°C) and light 
(7:00 a.m.—7:00 p.m.) throughout the experiment. 


Surgical Procedure 


All surgical procedure was performed under the 
anesthesia with pentobarbital sodium 40 mg/kg IP. Bilateral 
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olfactory bulbectomy was performed by suction of the olfac- 
tory bulbs through a hole made in the skull (OB rat). Lesions 
of the midbrain raphe nuclei were carried out inserting an 
insulated, monopolar stainless steel wire electrode (tip di- 
ameter 0.4 mm: uninsulated length 0.5 mm) as an anodal elec- 
trode, according to the rat brain atlas of K6nig and Klippel 
[10], and applying a direct current of 3 mA for 15 sec (Raphe 
rat). The rat body served as the indifferent electrodes. 

Three types of amygdaloid lesions were performed in 
each rat; (1) bilateral lesions of the nucleus amygdaloideus 
medialis (AME; A: 5.7, L: 3.4, V: 8.5 mm deep from the 
surface of the skull), (2) bilateral lesions of the nucleus 
amygdaloideus basolateralis (ABL; A: 5.7, L: 4.7, V: 8.1 mm 
deep from the surface of the skull), (3) bilateral lesions of the 
nucleus amygdaloideus centralis (ACE; A: 5.7, L: 4.0, V: 7.1 
mm deep from the surface of the skull). Except that a direct 
current of 2mA was applied, the electrode and the lesioning 
procedure were similar to those for raphe lesions. 

Sham operations were performed by the same procedure 
with the exception of electric current application. 


Measurement of Hyperemotionality and Muricide 


Hyperemotionality of rats was measured by scoring the 
following 4 responses to given stimuli, i.e., (1) air blowing 
onto the back (startle response), (2) a rod presented in front 
of the mouth (attack response) and (3) handling with a gloved 
hand (struggle response). These responses, except for 
muricide and mouse-eating, were graded as follows; score 0: 
no reaction, score 1: slight, score 2: moderate, score 3: 
marked, score 4: extreme response. The number of rats 
which exhibited muricide within 3 min and mouse-eating 
within 60 min after introducing a mouse into the home cage 
was measured. 


Histology 


After termination of the experiment all rats were sac- 
rificed and the head were perfused with saline and 10% For- 
malin. Thereafter, 50 um sections of the brains were pre- 
pared and stained with cresyl violet to verify the site and 
extent of each amygdaloid lesion in all rats and of raphe 
lesions in Raphe rats. Only the data obtained from rats with 
verified amygdaloid lesions were used. 


Statistical Analysis 


Results were evaluated statistically by means of the two- 
tailed Mann-Whitney U test and Fischer's exact probability 
test. 


Procedure 


Rats which exhibited muricide within 10 days after brain 
lesions, after the administration of THC 6 mg/kg IP, or 
within 30 days from the beginning of the isolated housing 
were subjected to bilateral lesions of the amygdala. 

All rats were tested for hyperemotionality and muricide in 
individual cages, before respective lesions in the amygdala 
were performed. Following amygdaloid lesions, changes in 
the emotional responses of the rats were consecutively ob- 
served at 2, 4, 7, 14, 21 days. Changes in muricide were 
expressed in terms of its incidence. 
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RESULTS 

Histology 

The site and extent of lesions to the AME, ABL and ACE 
are shown in Fig. 1. The lesions typically included destruc- 
tion of the corticomedial nucleus, basolateral nucleus and 
central nucleus, respectively. Although some damage to ad- 
jacent portions of the pyriform cortex could be seen, rats 
with severe ventral hippocampal or caudate-putamen dam- 
ages were not included in the data analysis. Rats in which the 
lesioned site was not located in the dorsal and medial raphe 
nuclei were also excluded. 


OB Rats 


The changes of emotional responses in OB rats to given 
stimuli are shown in Fig. 2. After AME lesions, muricide was 
significantly inhibited in comparison with the sham operated 
rats on day 2 (incidence of muricide, 20%, p<0.002), day 4 
(50%; p<0.02) and day 7 (60%, p<0.05) (Fig. 2A). However, 
muricide reappeared in these rats 14 days after the amyg- 
daloid lesions. On the contrary, neither ABL- nor ACE- 
lesions produced a significant change in muricide (Fig. 2A). 

In regards to mouse-eating behavior, only rats which ex- 
hibited mouse-eating before amygdaloid lesions were used, 
i.e., 6 to 11 rats in OB rats, 4 to 7 in Raphe rats, 8 to 10 in Iso 
rats, and 5 to 8 in THC rats were examined, respectively. 
Mouse-eating was significantly inhibited on day 2 (p<0.002) 
and day 4 (p<0.02) after AME lesions. Similar to the 
muricide results, neither ABL- nor ACE-lesions caused a 
significant change in mouse-eating behavior. 

The startle response score was also significantly inhibited 
on day 2 (p<0.002), day 4 (p<0.05) and day 7 (p<0.05) after 
AME lesions (Fig. 3A). These changes, however, were not 
observed on days 14 and 21. The startle response score 
showed no significant changes following ABL or ACE le- 
sions. 

In the attack response, the score was significantly de- 
creased on days 2 and 4 after AME lesions. These marked 
effects, nevertheless, were restored to the preoperative level 
on day 7 after AME lesions (Fig. 3B). However, the attack 
response was unaffected by ACE lesions. 

AME lesions significantly decreased the struggle re- 
sponse score on days 2, 4, 7 and 14 after AME lesions (Fig. 
3C). However, ACE or ABL lesions failed to produce a sig- 
nificant change. 


Raphe Rats 


Following amygdaloid lesions, changes in emotional re- 
sponse to given stimuli in Raphe rats are shown in Fig. 4. In 
these animals, both muricide and mouse-eating were slightly 
decreased in incidence, but no significant difference was 
found as compared with in the sham operated rats. The star- 
tle, attack and struggle responses were unaffected by either 
ABL or AME lesions (not shown in the figure). 


Iso Rats 


The effects of amygdaloid lesions on muricide and 
mouse-eating in the Iso rats are shown in Fig. 5. In Iso rats, 
muricide was depressed only on day 2 (incidence of 
muricide, 60%, p<0.05) by AME lesions (Fig. 5A). The 
occurrence of mouse-eating was markedly depressed on both 
days 2 (30%, p<0.02) and 4 (20%, p<0.002) (Fig. 5B). ABL 
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FIG. 1. Typical examples showing site and extent (arrow) of amygdaloid lesions. AME: 
Nucleus amygdaloideus medialis, ABL: Nucleus amygdaloideus basolateralis, ACE: 


Nucleus Amygdaloideus centralis. 


lesions, however, caused no significant change in either 
muricide or mouse-eating. 

Scores of the startle, attack and struggle responses were 
also significantly reduced on days 2 and 4 after AME lesions, 
but unaffected by ABL lesions. 


THC Rats 
The effects of amygdaloid lesions on muricide and 


mouse-eating behavior in THC rats are shown in Fig. 6. In 
THC rats, both muricide and mouse-eating were significantly 
reduced only on day 2 (p<0.05), 60% and 30%, respectively. 
However, these inhibitory effects were not seen in ABL 
lesioned animals. The attack response score was signifi- 
cantly reduced on day 2 (p<0.05) after AME lesions. How- 
ever, both the startle and struggle response scores were un- 
affected by either AME lesions or ABL lesions. 

Characteristics of all 4 aggressive models, i.e., OB rat, 
Iso rat, THC rat and Raphe rat were shown in Table 1. 
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FIG. 2. Olfactory bulbectomized rats (OB rats). Effects of amyg- “ 

daloid lesions on muricide and mouse-eating behavior. A; muricide, ; Sham lesions (n:11) 

B; mouse-eating behavior. Ordinate, percent incidence of muricide 

(A) and mouse-eating behavior (B) before (0 day, 100%) and after AME (1:12 ) 

amygdaloid lesions. All rats showed muricide before amygdaloid ; : ABL (n:12) 

lesions. Mouse-eating behavior was examined only in rats which bg ee 

showed this behavior before amygdaloid lesions. Abscissa, day after ACE (n: 9) 

amygdaloid lesions. Significant differences from the values from 

sham-operated animals. ***p<0.002, **p<0.02, *p<0.05. 
FIG. 3. OB rats. Effects of amygdaloid lesions on hyperemotional- 
ity. A: startle response, B: attack response, C: struggle response. 
Ordinate, shows scores of emotional responses. 
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FIG. 5. Iso rats. Effects of amygdaloid lesions on (A) muricide and 


FIG. 4. Raphe rats. Effects of amygdaloid lesions on (A) muricide 
(B) mouse-eating behavior. 


and (B) mouse-eating behavior. 
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TABLE | 


COMPARISON OF THE EFFECTS OF AMYGDALOID LESIONS ON AGGRESSION IN FOUR 
AGGRESSIVE MODELS; OB RAT, ISO RAT, THC RAT AND RAPHE RAT 





OB rat 
Models of 


Aggression AME ABL_ ACE 


Iso rat 


THC rat Raphe rat 


AME ABL AME ABL AME _ ABL 





Startle 
Attack 
Struggle 
Muricide 
Mouse- 
eating 





t increase, | decrease, — no efect. 
Li) p<0.002, |) p<0.02, | p<0.05. 


Each significant difference is analyzed on the 2nd day after amygdaloid lesions. Signifi- 
cant differences from the values from sham-operated animals. 
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FIG. 6. THC rats. Effects of amygdaloid lesions on (A) muricide and 
(B) mouse-eating behavior. 


DISCUSSION 


An attempt was made to clarify whether various nuclei of 
the amygdaloid complex play differential roles in aggressive 
behavior induced by 4 different methods, i.e., olfactory bul- 
bectomy, midbrain raphe lesions, THC administration and 
long-term isolation. Both muricide and other hyperemotion- 
ality scores of the OB rat were markedly inhibited by AME 
lesions. Those of the Iso rat and THC rat were moderately 
inhibited. Those of the Raphe rat, however, were unaffected 
at all by AME lesions. These results suggest that the AME 
plays a facilitatory role in aggression of the OB, Iso and THC 
rats, but that aggression induced by raphe lesions is inde- 
pendent of amygdaloid activity. 


We have reported that aggression including muricide in- 
duced by various methods is different in respect of: (1) a 
pattern of hyperemotionality and muricide [4,28], (2) po- 
tency of drugs inhibiting muricide [5, 24, 29], (3) inhibitory 
effect of electrical stimulation to the locus coeruleus on 
muricide [30]. Further, the present studies suggest that the 
functional role of the AME in muricide is different depending 
upon the methods to induce muricide, though muricide itself 
seems to be behaviorally similar. 

On the other hand, ABL and ACE lesions produced no 
significant changes in all 4 different aggressive types. So far, 
a functional localization in the amygdala is observed in 
shock-induced intermale aggression [14]. The presnet results 
strongly suggest that the amygdala involved in muricide and 
hyperemotionality induced by various methods can not be 
regarded as a homogenous functional unit. 

Concerning the relationship between the AME and the 
aggression in OB rat, morphological [7,8] and elec- 
trophysiological [13,16] studies have clearly demonstrated a 
strong connection between the olfactory bulbs and the AME. 
Studies have reported that muricide induced by OB lesions 
is inhibited not only by AME lesions but also by norad- 
renaline, atropine and tricyclic antidepressants directly in- 


jected into the AME [8,27]. These results suggest that activ- 


ity changes of AME play a facilitatory role in the occurrence 
of muricide following olfactory bulbectomy. 

Anatomical [2,21] and electrophysiological [15,26] studies 
have documented that AME connected with ventromedial 
hypothalamus (VMH) has an inhibitory influence on VMH 
neurons. It has been reported that VMH lesioned rats 
showed muricide [1, 3, 11, 17]. From these reports, it may be 
conceivable that increased activity of AME following olfac- 
tory bulbectomy might inhibit the function of VMH and thus 
induced muricide in OB rats. 

On the other hand, muricide and hyperemotionality in the 
Raphe rat were unaffected by AME lesions. At present we 
have no evidence which can explain the reason why aggres- 
sion in the Raphe rat is independent of amygdaloid activity. 
As mentioned above, however, we observed that muricide of 
the OB rat was inhibited, but that of Raphe rat was unaf- 
fected by locus coeruleus stimulation [30]. This may indicate 
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the difference in brain mechanisms inducing muricide be- 
tween the OB rat and Raphe rat. It may be possible that the 
activity of the VMH aggressive center or other brain areas 
from AME innervated with raphe neurons is changed by 
raphe lesions. 

Muricde and hyperemotionality of the THC and Iso rat 
were moderatley inhibited by AME lesions. This suggests 
the facilitatory role of the AME in these aggressions, though 
the neural mechanisms of aggression in these rats remains 
unclear. THC was found in the amygdala at high concentra- 
tion after IP administration of THC [12]. 

Both muricide and other types of hyperemotionality in the 
OB rat were significantly reduced by AME lesions, but were 
restored to the control level after 2 weeks or so. Therefore, it 
seems likely that other brain mechanisms are also involved 
in the control of muricide and hyperemotionality. 
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Although these mechanisms should be clarified by further 


studies, the present investigation demonstrated that the 
function of AME in aggression is different in 4 aggressive 
types. This result suggests that the participation of AME 
may contribute to the qualitative and quantitative differences 
in drug effects on muricide and hyperemotionality of these 
aggressive types. 
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FRANCIS, A., A. J. ELBERGER AND M. S. GAZZANIGA. Comparative commissure function: Interocular transfer of 
successive visual discriminations in cats. PHYSIOL. BEHAV. 28(2) 295-299, 1982.—Intact and chiasm-sectioned cats 
were tested for interocular transfer after monocular training of a successive two-choice discrimination task. Similar tasks 
were previously employed to demonstrate complete failure of interocular transfer in both commissure-intact pigeons and 
goldfish. In contrast, both groups of cats showed clear interocular transfer. The results provide evidence for differing 
functional capacity in analogous interhemispheric pathways among vertebrates, and suggest that interocular transfer of 
successive visual discriminations may be a suitable paradigm for study of phyletic differences in behavioral ability 


Visual discrimination Interocular transfer 


RECENTLY Green, Brecha and Gazzaniga [14] reported a 
puzzling failure of interocular transfer in pigeons tested on 
successive visual discrimination problems. In this task, as 
studied in a 3-key operant paradigm, the same stimulus 
(either colors or patterns) appearing on both side keys sig- 
nalled a correct response to the right key, while a second 
stimulus appearing on both keys signalled a correct response 
to the left key. Interocular transfer was shown by pigeons in 
the same apparatus when identical stimuli were employed in 
a simple simultaneous discrimination. The failure of transfer 
could not be related to stimulus or response complexity per 
se, since the same stimuli and apparent response (peck left or 
peck right) were used in both situations. The failure of trans- 
fer was not related to problem difficulty, as judged by ease of 
learning, or by lack of prior experience with interocular 
transfer tasks, since experienced birds also failed to show 
transfer on successive discrimination tasks. In subsequent 
work, these findings in pigeons have been extended. A signal 
detection analysis, based on response latencies, confirmed 
the lack of stimulus discrimination; failure of transfer was 
also observed in successive discriminations based on lumi- 
nous flux (Francis and Brecha, unpublished). Since these 
problems were easily learned in monocular training, the re- 
sults suggest that interocular transfer of successive visual 
discriminations is difficult or apparently absent in pigeons. 
These results can be distinguished from other reported fail- 
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Brain interhemispheric pathways Cat 


ures of interocular transfer in birds and fish. For instance, in 
pigeons, Graves and Goodale [13] replicated Levine's [19, 
20, 21] earlier findings of failure to obtain interocular transfer 
using a jumping response. Stevens and Klopfer [30] demon- 
strated that interocular transfer of an avoidance response 
depends on the particular aversive UCS employed in train- 
ing. In these studies, failure of interocular transfer may de- 
pend on the use of specific stimuli or responses, since other 
workers have shown excellent interocular transfer in pigeons 
using simultaneous discriminations in free-operant para- 
digms [6, 13, 24]. Interocular transfer in fish may also 
depend on the discriminative stimuli employed [15,16] as 
well as the type of response [22]. 

Preliminary studies of successive discriminations in the 
cat and goldfish indicated that cats readily transferred while 
goldfish, like pigeons, failed to transfer. Green er al. [14] 
suggested that the organization of the central visual pathways 
in these various species may be a critical factor in interocular 
transfer. Unlike fish and birds, where the optic nerve is 
completely directed to the opposite hemisphere [7, 17, 28, 
29], the cat has major direct visual connections to both hemi- 
spheres [18]. 

We now report that in cats, reliable interocular transfer 
occurs on a successive pattern discrimination problem when 
initial monocular training is directly accessible to only one 
hemisphere or to both hemispheres. This selective channel- 
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ing of visual input to one or both hemispheres was achieved 
by comparing intact cats to those with midline section of the 
optic chiasm. 


METHOD 
Subjects 


Six adult cats of both sexes were used: three were un- 
operated and three had previously undergone midline section 
of the optic chiasm by a transbuccal approach similar to that 
described by Myers [25,26]. The cats were housed in a com- 
munal cage and fed Purina cat chow. They were 23-hr food 
deprived before each daily session. All had prior experience 
in interocular transfer tests with simultaneous patterned 
stimuli in the present apparatus [10]. 


Apparatus 


The cats were trained in a double two-choice training box. 
It consisted of two identical chambers (60x45 x 30 cm) sepa- 
rated by guillotine door. On each end were mounted two 
10x10 cm stimulus panels which could swing out to allow 
access to a recessed food cup mounted in the floor behind 
each panel. These food cups were always filled with 
Gerber’s beef baby food, which served as a reward. Above 
each of the stimulus panels was a two-Watt white bulb which 
was used for initial shaping. A 40-Watt house light was 
mounted in the ceiling of each chamber. 

The stimuli were black patterns printed on white 
cardboard sheets which could be inserted onto the swinging 
panels. The stimulus pair (a bull’s eye and six wheel spokes) 
was equated for flux, and each stimulus was mirror- 
symmetric. Opaque plastic occluders were inserted over one 
eye just before the daily session to effect monocular vision. 
Errors were judged by the visible and audible abutment of 
the cat’s snout to the incorrect door as observed through a 
one-way observation window mounted in the ceiling of each 
chamber. 


Procedure 

The cats were previously trained in the apparatus and 
were proficient in performing monocularly. Forty trials per 
day were given with no corrections. Each trial consisted of 
the presentation of the same stimulus on both panels under 
an activated house light. One normal and two chiasm- 
sectioned cats were trained to push the right panel when both 
stimuli were “‘bull’s-eye’’ and to push the left panel when 
both panels bore the ‘‘wheel spoke’”’ stimulus. The other cats 
were trained on the opposite problem. At the end of the trial, 
the house light was extinguished, and the stimuli were man- 
ually arranged in the other chamber. The stimuli were always 
manipulated, even if no change was required, to prevent 
cueing. The house light in the adjacent chamber was then 
activated, and the guillotine door opened. The cats moved 
from the dark chamber to the illuminated chamber for the 
next trial. The order of the trials was determined by modified 
Gellerman sequences, in which there was a maximum of 
three successive trials with the same correct choice, and an 
equal total number of left and righ correct choices per ses- 
sion. All cats were trained with the right eye occluded. Train- 
ing continued until a criterion of 36/40 (90%) was met for two 
successive days. Following criterion, the occluder was in- 
serted in the left eye at the next daily session for transfer 
testing which continued at 40 trials per day until a criterion of 
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TABLE | 
MEDIAN NUMBER OF DAYS TO COMPLETE CRITERION (RANGE) 





Training Transfer 





6 (3-10) 
3 (2-6) 


14 (12-15) 
15 (10-38) 


Chiasm-sectioned 
Intact 





36/40 was met for two successive days. No corrections were 
allowed in training or transfer sessions. 


Histology 


Two to six months after completion of this study, the 
chiasm-sectioned cats were sacrificed by barbiturate over- 
dose and perfused intracardially with saline followed by 10% 
Formalin. The brains were removed, embedded in Celloidin, 
and sectioned at 40 uw. Every tenth section was stained with 
cresyl violet and every eleventh section was stained by the 
method of Mahan. The optic nerves and tracts were exam- 
ined as far posteriorly as their entrance to the thalamus. It 
was determined by light microscopy that no fibers crossing 
the midline existed. In additon, adjacent structures were 
examined, revealing no incidental damage as a result of 
chiasm section. Figure | shows a representative section 
stained by the method of Mahan. Ipsilateral optic tracts can 
be seen coursing to the thalamus, but a complete absence of 
fibers is seen at the midline (chiasm) region. 


RESULTS 


There was no significant difference between the intact 
and the chiasm-sectioned cats on number of days to reach 
either the training or the transfer criterion (Table 1, Mann- 
Whitney U, p>0.1). Therefore, the rates of learning and 
transfer were not affected by section of the optic chiasm. 

In addition, both the intact and chiasm-sectioned cats 
demonstrated clear evidence of transfer, as shown by the 
significant improvement in the first two days transfer scores 
over the first two days training scores in both groups 
(p <0.05, Friedman tests). The results, expressed as the me- 
dian percent correct scores, are shown in Fig. 2. Perform- 
ance was at or near chance for both groups on the first two 
days of training since they typically showed a side prefer- 
ence. 


DISCUSSION 


The present study demonstrates interocular transfer of 
successive visual discriminations of patterned stimuli in in- 
tact cats and cats with retinal projections restricted to one 
hemisphere. Pigeons and goldfish show complete failure of 
transfer on similar tasks ({14] and unpublished observations). 
In searching for the essential characteristic which both dis- 
tinguishes these vertebrates and may be related to the behav- 
ioral data, we believe it is worth considering the organization 
of the central visual pathways. 

In both birds and fish, the major primary optic projections 
from the eye are almost completely directed to the opposite 
hemisphere, where the largest number of axons synapse in 
the optic tectum [7, 27, 28]. Interhemispheric communica- 
tion proceeds via the supraoptic decussation, a structure 
which interconnects heterotopic visual areas [1, 2, 8, 17, 32]. 
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FIG. 1. Typical coronal section (40 ) in the region of the optic chiasm, stained by the method of Mahan for myelin. The density of black color 
indicates the extent of myelination. Complete section of the chiasmal fibers is apparent, as is the resulting demyelination in the midline region 
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FIG. 2. Results showing median percent correct in both groups on 
the first two days of training (diagonal bars), last two days of training 
(at criterion, stippled), and first two days of transfer (horizontal 
bars). 








Normal 


The supraoptic decussation is heterotopic in that it intercon- 
nects different structures of the two hemispheres. It is one 
segment of a possible polysynaptic relay connecting corre- 
sponding forebrain visual areas in one hemisphere to those of 
the other. In mammals such as the cat, the organization is 
markedly different with fewer primary projections to the 
optic tectum as well as the presence of major direct projec- 
tions from each eye to both hemispheres [18]. The comuni- 
cation of interhemispheric visual information is mediated by 
the corpus callosum, a forebrain commissure with primarily 
homotopic connections between areas of the cerebral cortex 
[8,11]. The corpus callosum is homotopic in that it intercon- 
nects the same structures of the two hemispheres. Alterna- 
tively, if the corpus callosum is sectioned in primates or 
man, the remaining anterior commissure may subserve 
interhemispheric visual transfer [27,31]. 

Although the organization of both the primary and inter- 
hemispheric visual pathways differs among these species, we 
believe that the apparent behavioral distinctions can be best 
related to the latter. After section of the optic chiasm, the cat 
is similar to the intact goldfish and pigeon in that the remain- 
ing optic nerve fibers are directed only to one hemisphere, 
although in the cat it is to the ipsilateral hemisphere. Despite 
this anatomical similarity, the behavioral data suggest that 
the interhemispheric pathways in chiasm-sectioned cats 
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(corpus callosum) can mediate transfer on the successive 
discrimination task, while it appears that the analogous 
pathways (supraoptic decussations) in goldfish and pigeon 
can not. 

Previous work on the interhemispheric integration of vis- 
ual learning in vertebrates [8, 9, 12] generally supported the 
concept that information obtained by one eye-hemisphere 
was accessible to the other eye-hemisphere via commissural 
pathways. The differing commissural pathways were consid- 
ered functionally equivalent. In light of the present and prior 
data with the successive discrimination task, it appears that 
these analogous commissures are not equivalent in behav- 
ioral function. 

The successive discrimination task requires retention 
over trials of stimulus information, since only one stimulus is 
presented on any given trial. In the simultaneous task both 
stimuli are presented at the same time on each trial. If the 
apparently greater mnestic and processing demand in suc- 
cessive discrimination tasks is coupled with potentially inef- 
ficient, poorly elaborated, or delayed transfer via poly- 
synaptic, heterotopic interhemispheric pathways, trans- 
fer may fail. More efficient transfer might be expected when 
homotopic connections are employed. According to this 
view, vertebrates having heterotopic interhemispheric visual 
pathways (e.g., fish, birds) would be at the disadvantage in 
behavioral tasks requiring rapid interhemispheric processing 
and retention of stimulus information over trials. 

An alternative hypothesis arises from possible selective 
attention and response biases during training. Under 
monocular viewing pigeons and fish (with laterally-placed 
eyes) may attend to the ipsailateral stimulus while cats (with 
frontally placed eyes) are able to view both stimuli. Differing 
behavioral strategies may result in these species. A cat view- 


ing one stimulus on both doors may learn to go to the right 
and with a second stimulus to the left. The pigeon or fish may 
be making a stay/switch discrimination since it may not see 
both discriminanda: stay on this side if one stimulus; switch 
to the other side if the other stimulus. In testing for transfer 
with the other eye open the pigeon would have to reverse the 
direction (relative to the non-viewing eye) of response to 
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each stimulus, creating potential conflict. For example, if the 
stimulus red signals a choice to the right, with the right eye 
open the pigeon learns to go to the side of the open eye. With 
the left eye open in a transfer test, the pigeon must now 
choose the side away from the open eye. This conflict could 
account for the failure of interocular transfer in animals using 
this strategy. 

Analysis of the errors made by pigeons does not support 
this interpretation of the failure in transfer. Green et al. [14] 
found that the errors made by the pigeons in the successive 
discrimination transfer task, as in initial training, derive from 
side preferences. The birds performed at or near chance, 
rather than reversing the correct behavioral strategy, which 
would have produced scores much less than 50% correct. In 
addition, studies with other tasks have shown that split- 
chiasm cats and pigeons differ in the ability to interocularly 
transfer lateral mirror-image discriminations [3]. In this 
situation split-chiasm monkeys perform as do intact pigeons 
rather than split-chiasm cats [3]. These issues could be 
clarified in studies of successive visual discrimination tasks 
which employed vertically-arrayed discriminanda, eliminat- 
ing the left-right response requirement, as well as the study 
of birds with frontally-placed eyes and mammals with 
laterally-placed eyes. 

Taken together, our data on species differences with the 
successive task argues for phyletic variation in behavioral 
capacity. Previous work has shown differences in behavioral 
capacity among mammals, birds, and fish [4,5]. As a model 
paradigm the interocular transfer of successive visual dis- 
criminations reveals a clear distinction between pigeons and 
fish compared to cats. The critical variable may be whether 
the pathways mediating interhemispheric transfer intercon- 
nect heterotopic or homotopic brain regions. The behavioral 
distinction across species on this task seems more robust 
than prior work on phyletic differences [4,5], and we suggest 
that this paradigm can be exploited for further studies in 
comparative psychology. This paradigm would be particu- 
larly useful for psychobiological purposes as well, since the 
probable brain structures involved, the interhemispheric 
pathways, are identified. 
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ROMSOS, D. R. AND D. FERGUSON. Self-selected intake of carbohydrate, fat, and protein by obese (ob/ob) and lean 
mice. PHYSIOL. BEHAV. 28(2) 301-305, 1982.—Obese mice, self-selecting from three food cups containing carbo- 
hydrate, fat and protein supplemented with minerals and vitamins, selected the same proportion of energy from protein 
(approximately 20%) as did lean mice. Young obese mice also selected the same proportion of carbohydrate and fat as 
selected by lean mice, but adult obese mice self-selected a higher proportion of energy from fat and a lower proportion from 
carbohydrate than did lean mice. The high preference by adult obese mice for fat was confirmed in additional studies 
employing two food cups, one containing a high-carbohydrate diet and the other a high-fat diet. We speculate that the 
preference by adult obese mice for fat is related to their insulin resistance. 


Obese (ob/ob) mice Diet self-selection 


OBESE (ob/ob) mice allowed to self-select from two diets 
varying in level of protein and carbohydrate consume as 
much or more protein than lean mice [3, 4, 10]. When diets 
varying in protein and fat are fed, both obese and lean mice 
reduce their intake of protein [4,10]. The reduced intake of 
protein may be secondarily related to the greater preference 
mice have for a high-fat diet than for a high-carbohydrate 
diet [10]. Lean mice, regardless of age, fed high- 
carbohydrate and high-fat diets with a fixed level of protein, 
self-selected 65-68% of energy from the high-fat diet [4,10]. 
Young obese mice, however, selected only 44% of energy 
from the high-fat diet [4], whereas adult obese mice selected 
94% of energy from the high-fat diet [10]. These results indi- 
cate that the nonprotein energy source affects self-selected 
protein intake and that obese mice exhibit an age-associated 
change in carbohydrate and fat intake when allowed to self- 
select from two diets. This feeding paradigm, however, does 
not permit separate regulation of each of the three (carbo- 
hydrate, fat and protein) energy sources. Use of three food 
cups (one containing carbohydrate, another fat, and the third 
protein) would allow the mice to consume a given energy 
source without concomitant intake of a second energy 
source. 

Mayer et al. [8] utilized the three food cup feeding 
paradigm to evaluate nutrient selection in adult obese (ob/ob) 
mice. Their results indicated that obese mice self-selected 
more fat, less carbohydrate and less protein than lean mice. 
However, each of the three food cups contained (in addition 
to 90% carbohydrate, fat or protein) 10% of energy from a 





Carbohydrate 


Fat Protein 


second source. Consequently, intake from a single cup may 
have been affected to a variable extent by presence of the 
second energy source, as we had observed with the two cup 
feeding paradigm [4,10]. 

The present study was, therefore, designed to evaluate 
self-selected intake of carbohydrate, fat and protein in obese 
and lean mice when each nutrient was the sole energy source 
in a cup. Young and adult mice were compared because of 
our previously noted [4,10] age-associated shift in preference 
for a high-fat diet by obese mice. 


METHOD 
Animals and Diets 


Male obese (C57BL/6J-ob/ob) and lean (ob/+ or +/+) mice 
were obtained from our breeding colony of CS5S7BL/6J-ob/+ 
mice originally purchased from Jackson Laboratories, Bar 
Harbor, Maine. Mice were weaned at 3 weeks of age and fed 
a cereal-based diet (Wayne Lab-Blox, Allied Mills, Inc., 
Chicago, IL). Several days before an experiment was ini- 
tiated mice were moved from solid-bottomed cages bedded 
with wood shavings to wire-bottomed cages. Mice were 
housed individually in a light (12 hours of light per day) and 
temperature (23-25°) controlled room. Food and water were 
available ad lib. Food consumption, corrected for spillage, 
and body weights were recorded twice weekly for the dura- 
tion of each experiment. 

Mice were allowed to self-select from two or three diets. 
Composition of the three single-energy-source diets is pre- 
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sented in Table 1. Each diet contained the same level of 
minerals, vitamins, and cellulose per unit energy. Several 
dual-energy-source (carbohydrate and protein, or fat and 
protein) diets were also formulated. The high-carbohydrate 
diet (72 and 28% of energy from carbohydrate and protein, 
respectively) contained per 343 kcal: 67.9 g glucose, 24.0 g 
casein, 10.0 g cellulose, 4.0 g mineral mix [7], 1.0 g vitamin 
mix [1], 0.36 g methionine and 0.2 g choline chloride. Glu- 
cose was replaced on an equal energy basis with fat (tallow 
and corn oil in a ratio of 4.5 to 1.0) to formulate the high-fat 
diet (72 and 28% of energy from fat and protein, respec- 
tively). 


Experiments 


Four experiments were conducted. In the first experiment 
obese and lean mice (4 and 12 weeks of age) were allowed to 
self-select from the three single-energy-source diets (Table 1) 
for 4 weeks. In the next experiment obese and lean mice (10 
weeks of age) were fed the three single-energy-source diets 
for 3 weeks and then the protein diet was diluted 1:1 with 
cellulose; mice consumed these diets for 3 additional weeks 
(Experiment 2). In Experiment 3 obese and lean mice (4 and 
12 weeks of age) self-selected from the high-carbohydrate 
and high-fat diets, each containing 28% protein, for 2 weeks. 
The level of protein in the high-fat diet was then reduced 
from 28% of energy to 10% of energy. Mice were fed these 
two diets for an additional 2 weeks. In the last experiment 
obese and lean mice (12 weeks of age) self-selected from the 
high-carbohydrate and high-fat, protein-containing diets for 
2 weeks before being offered a choice between the high- 
carbohydrate diet and the high-fat diet diluted 1:1 with cel- 
lulose. 


Treatment Numbers and Data Analysis 


In each experiment, except Experiment 3, one or two 
mice failed to adapt to the self-selection regime. A total of 
four lean mice and five obese mice were subsequently re- 
placed to maintain 10 mice per treatment group. Data are 
presented as treatment means+SEM. Differences between 
lean and obese mice were determined by the Student’s r-test. 


RESULTS 
Experiment 1 


Obese mice consumed approximately 15% more energy 
than lean mice and as expected gained more body weight 
(Table 2). Young (4 weeks of age) obese mice self-selected 
proportions of energy from the three energy sources similar 
to the pattern selected by lean mice (Fig. 1). Percentages of 
energy derived from carbohydrate, fat and protein averaged 
26-32%, 48-51%, and 20-23%, respectively. Adult (12 weeks 
of age) lean mice selected nearly the same proportions of 
energy from the three cups as selected by the young mice; 
intake of carbohydrate dropped from 32% of total energy to 
25% and intake of fat and protein increased slightly (Fig. 1). 
Adult obese mice, however, did not select the same propor- 
tions of energy from the three cups as selected by the young 
obese mice. The adult obese mice consumed 50% less carbo- 
hydrate (from 26% of energy in young obese mice to 12% of 
energy in adult obese mice) and concomitantly consumed 
more fat than young obese mice. Protein intake, as a per- 
centage of total energy intake, was unaffected by genotype 
or age. 
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TABLE | 
COMPOSITION OF SINGLE-ENERGY-SOURCE DIETS 





Carbohydrate Fat Protein 





2/343 kcal 


Basal* 
Glucose 
Corn oil 
Tallow 
Casein 
Methionine 





*Basal contained 4.0 g mineral mix [7], 1.0 g vitamin mix [1], 0.2 g 
choline chloride and 10.0 g cellulose. 


TABLE 2 


ENERGY INTAKE OF MICE ALLOWED TO SELF-SELECT FROM 
THREE SINGLE-ENERGY-SOURCE DIETS (EXPERIMENT 1) OR 
FROM TWO DUAL-ENERGY-SOURCE DIETS (EXPERIMENT 3) 





12 weeks old 


Obese 


4 weeks old 


Lean Obese Lean 





Experiment | 


Intake—kcal/week 
94+ 11 92 +2 


Initial body weight (g) 


14+ 2 mtZ 

Final body weight (g) 

33 + 3* 26 + 2 
Experiment 3 


Intake for weeks 1-2, kcal/week 
94+7 98 + 2 132 


Intake for weeks 3—4, kcal/week 
97 + 129 + 4* 100 + 1 137 





Means + SEM for 10 mice fed for 4 weeks. See Fig. 3 for descrip- 
tion of diets and feeding schedule used in Experiment 3. 

Asterisks indicate significant differences (p<0.05) between lean 
and obese mice. 


Experiment 2 


To obtain further data on protein intake regulation in lean 
and obese mice the three single-energy-source (carbo- 
hydrate, fat and protein) diets were fed to another group of 
mice, but the protein diet was diluted 1:1 with fiber. Kratz 
and Levitsky [6] utilized this approach to examine protein 
intake regulation in adult rats. Energy intake was unaffected 
by diluation of the protein with fiber (Table 3). The pattern of 
energy intake prior to dilution of the protein diet was the 
same as observed for 12 week old mice in Experiment 1. 
Obese mice self-selected a lower percentage of energy from 
carbohydrate (9%) than lean mice self-selected (22%) (Fig. 
2). Conversely, intake of fat was greater for obese mice thar: 
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TABLE 3 


EFFECT OF DILUTING PROTEIN WITH FIBER ON ENERGY INTAKE 

OF MICE ALLOWED TO SELF-SELECT FROM THREE SINGLE- 

ENERGY-SOURCE DIETS (EXPERIMENT 2) AND ENERGY INTAKE 
OF MICE ALLOWED TO SELF-SELECT FROM TWO 
DUAL-ENERGY-SOURCE DIETS (EXPERIMENT 4) 





Lean Obese 





Experiment 2 


Intake for weeks 1-3, kcal/week 
110+ 4 118 + 3 


Intake for weeks 46, kcal/week 
105 + 3 118 + 2 
Experiment 4 


Intake for weeks 1-2, kcal/week 
92 +1 126 + 2* 


Intake for weeks 3-4, kcal/week 
90 + 4 104 + 3* 





Means + SEM for 10 mice. Mice were 10 (Experiment 2) or 12 
(Experiment 4) weeks of age at the start of the experiment. The 
protein diet (Table 1) was diluted 1:1 with fiber during weeks 4 to 6 
(Experiment 2). See Fig. 4 for description of diets and feeding 
schedule for Experiment 4. Asterisks indicate significant (p<0.05) 
differences between lean and obese mice. 


for lean mice. Protein initially accounted for approximately 
20% of energy intake in both lean and obese mice. When the 
protein diet was diluted 1:1 with fiber, intake of protein fell 
to less than 10% of total energy intake in both lean and obese 
mice (Fig. 2). Intake of fat increased to compensate for the 
reduction in protein intake, whereas carbohydrate intake 
was unaffected by addition of fiber to the protein diet. 


Experiment 3 


Results from Experiments | and 2 demonstrated that 
adult obese mice self-select less carbohydrate and more fat 
than young obese mice when offered three single-energy- 
source diets. The purpose of Experiment 3 was first to com- 
pare self-selected intake of a high-carbohydrate and a high- 
fat diet (each containing 28% protein) by young and adult 
obese and lean mice and secondly to evaluate the influence 
of a reduction in protein level in the high-fat diet on self- 
selected intake by obese and lean mice. 

Obese mice consumed more energy than lean mice (Table 
2). Young lean and obese mice initially selected approx- 
imately 40% and 60% of their energy from the high- 
carbohydrate and high-fat diets, respectively (Fig. 3). Older 
mice self-selected proportionately less of the _ high- 
carbohydrate diet and more of the high-fat diet; adult lean 
mice decreased their intake of the high-carbohydrate diet to 
25% of total energy intake whereas adult obese mice ob- 
tained only 3% of their energy from the high-carbohydrate 
diet (Fig. 3). 

Lowering the protein content of the high-fat diet from 
28% to 10% changed the pattern of intake in opposite direc- 
tions in young lean and obese mice. Young lean mice in- 
creased their intake of the high-carbohydrate diet whereas 
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FIG. 1. Percentage of energy self-selected from the three single- 
energy-source diets (Experiment 1). Bars represent means+SEM 
for 10 mice fed for 4 weeks. Asterisks indicate significant differences 
(p<0.05) between lean and obese mice. 


young obese mice decreased their intake of the high- 
carbohydrate diet. As a result young obese mice offered a 
choice between diets | and 3 self-selected a lower proportion 
of energy from protein (15+1%) than did young lean mice 
(20+ 1%). Adult lean mice also increased their intake of diet | 
and consequently obtained 17+4% of energy from protein. 
Adult obese mice continued to select almost exclusively 
from the cup containing the high-fat diet with 10% protein 
and consequently obtained only 12+1% of energy from 
protein. 


Experiment 4 


Results from Experiment 3 showed that adult obese mice 
self-select almost exclusively from the cup containing a 
high-fat diet, even when the protein level of the high-fat diet 
is reduced to a level (10%) below that consumed (20%) when 
protein is available in a separate cup. The purpose of Exper- 
iment 4 was to evaluate the influence of diluting a high-fat 
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FIG. 2. Percentage of energy self-selected from three single- 
energy-source diets (Experiment 2). The protein diet was diluted 1:1 
with fiber during weeks 4 to 6. Bars represent means+SEM for 10 
mice. Asterisks indicate significant differences (p<0.05) between 
lean and obese mice. 


diet 1:1 with fiber on self-selected intake of a_ high- 
carbohydrate and high-fat diet. 

Energy intake of obese mice was greater than intake of 
lean mice (Table 3). Addition of fiber to the high-fat diet did 
not affect energy intake of lean mice, but depressed intake of 
obese mice by 18%. The proportion of energy obtained from 
the high-fat diet before it was diluted with fiber was com- 
parable to that selected by mice in Experiment 3. Lean mice 
self-selected 75% of their energy from the high-fat diet 
whereas obese mice obtained 95% of their energy from the 
high-fat diet (Fig. 4). 

Dilution of the high-fat diet 1:1 with fiber caused a com- 
plete reversal of the intake patterns. Both lean and obese 
mice obtained 84-89% of energy from the high-carbohydrate 
diet and only 11 to 16% of energy from the diluted high-fat 
diet (Fig. 4). 


ROMSOS AND FERGUSON 


4 week old Diet 1: 28%P, 72%CHO 


oo 
oe Obese 


weeks 142 


Diet 2: 28%P, 72%Fat 


Diet 3: 10%P, 90%Fat 


weeks 344 


* 


= 




















Diet 1 


12 week old 


weeks 142 weeks 344 


Percentage of Energy: 























—————A 
Diet 2 


FIG. 3. Percentage of energy self-selected from two dual-energy- 
source diets (Experiment 3). Mice self-selected from diets | and 2 for 
2 weeks and then from diets | and 3 for an additional 2 weeks. Bars 
represent means+SEM for 10 mice. Asterisks indicate significant 
differences (p<0.05) between lean and obese mice. 
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FIG. 4. Percentage of energy self-selected from two dual-energy- 
source diets (Experiment 4). Mice self-selected from diets | and 2 for 
2 weeks and then from diets | and 3 for an additional 2 weeks. Bars 
represent means+SEM for 10 mice. Asterisks indicate significant 


differences (p<0.05) between lean and obese mice. 
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DISCUSSION 


Obese and lean mice selected approximately 20% of en- 
ergy from protein when offered carbohydrate, fat and protein 
in separate cups. This compares with an intake of 25-35% of 
energy from protein when two cups varying in level of 
protein and carbohydrate are fed [3, 4, 10], and with an in- 
take of 15-20% of energy from protein when the two cups 
contain varying levels of protein and fat [4,10]. 

When the protein was diluted 1:1 with cellulose, intake of 
protein in both obese and lean mice decreased 50%, but en- 
ergy intake was maintained because intake of fat increased. 
These results are similar to those obtained by Kratz and 
Levitsky [6]. They demonstrated that rats also failed to ad- 
just their intake of the diluted protein, and thus reduced their 
intake of protein even though they maintained energy intake. 
One difference between the response of mice and rats was 
that mice compensated for the reduced protein intake by 
increasing fat intake whereas rats [6] increased carbohydrate 
intake. Although the mechanism responsible for the reduc- 
tion in intake of protein after dilution with cellulose is un- 
known, it is clear that obese and lean mice responded simi- 
larly. 

Young obese and lean mice exhibited the same general 
pattern of carbohydrate and fat intake as observed in rats [6]; 
both young mice and rats selected 50%-100% more energy 
from fat than from carbohydrate. Adult obese mice demon- 
strated a much greater preference for fat than did young 
obese mice, whereas adult lean mice maintained approx- 
imately the same pattern observed in young mice. This in- 
creased preference for fat may explain why the adult obese 
mice utilized by Mayer et al. [8] selected a lower percentage 
of energy from protein than did lean mice. Their high-fat diet 
contained 10% protein. In Experiment 3, we showed that 
obese mice consume a diet containing 90% fat and 10% 
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protein in preference to a higher protein, carbohydrate con- 
taining diet. Under these conditions, obese mice consumed a 
lower percentage of energy from protein than did lean mice, 
in agreement with data of Mayer et al. [8]. 

The reason for the age-associated increase in preference 
for fat by obese mice was not pursued in this study, but we 
speculated earlier [10] that it relates to the development of 
obesity and insulin resistance in these mice. Adult obese 
mice are markedly insulin resistant [2]. An increase in energy 
consumed as fat, and a proportional decrease in carbo- 
hydrate intake, would be metabolically advantageous for 
these insulin resistant obese mice. These observations agree 
with data obtained in rats. Insulin-injected rats increase their 
self-selected intake of carbohydrate [5] whereas insulin de- 
prived rats increase their self-selected intake of fat [9]. 

The preference of the obese mice for a high-fat diet was, 
however, markedly reduced by dilution of the high-fat diet 
with cellulose. A similar dilution of protein with cellulose 
decreased intake of protein by 50% (Experiment 2) whereas 
intake of the high-fat diet was decreased by more than 80%. 
This shift from consumption of a diluted high-fat diet to con- 
sumption of a high-carbohydrate diet occurred without a 
change in total energy intake in lean mice, and with a modest 
20% reduction in energy intake in obese mice. Under condi- 
tions of the present study, obese mice generally maintained 
their elevated energy intake regardless of their pattern of 
self-selected nutrient intake. Hyperphagia in obese mice is 
thus not directly related to an increased demand for a spe- 
cific energy source. 
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BETIN, C., F. V. DEVEUDIS, N. BLAVET AND F. CLOSTRE. Further characterization of the behavioral despair test 
in mice: Positive effects of convulsants. PHYSIOL. BEHAV. 28(2) 307-311, 1982.—The behavioral despair test in mice has 
been further characterized using three convulsant agents (at non-convulsant doses), pilocarpine, and several other sub- 
stances. False positive responses (reductions in immobility) produced by orally-administered strychnine-SO,, bicuculline, 
picrotoxin and pilocarpine further limit the use of this test as a method of screening for antidepressants, unless it is 
considered that these substances have potential value as antidepressants. 


Behavioral despair Antidepressants Strychnine 


Bicuculline 


Picrotoxin 





A BEHAVIORAL model of depression, termed **behavioral 
despair,” has been developed by Porsolt and colleagues 
[43-46]. In short, mice or rats are forced to swim in a 
restricted space (a narrow cylinder), and after a period of 
vigorous activity the animals cease trying to escape and 
adopt a characteristic immobile posture. It was suggested 
that this behavioral immobility reflected a state of despair 
[45,46]. The duration of this immobility can be reduced by 
prior administration of tricyclic antidepressants, monoamine 
oxidase inhibitors, atypical antidepressants, as well as by 
prior electroconvulsive shock, REM (rapid-eye-movement) 
sleep deprivation or exposure of the animals to an enriched 
(stimulating) environment, and reductions of immobility 
produced by antidepressants can be dissociated from stimu- 
lation of locomotor activity [4, 43-46]. Although anxiolytics 
(e.g., diazepam) do not affect immobility in rats and mice in 
this test when given in doses over the anxiolytic range [44 
46], anticholinergic agents (e.g., atropine, [9], antihistamines 
(e.g., chlorpheniramine, promethazine, [56], psychostimul- 
ants (e.g., d-amphetamine, [46] and some brain peptides 
(e.g., MET-enkephalin, [30]) have been found to produce 
‘*false positive’’ responses. Also, some substances that are 
used clinically as antidepressants did not affect immobility 
[43]. 

Since prior electroshock treatment and REM sleep depri- 
vation can reduce immobility in this test [44,46] and since 
both treatments have been used to treat depression in man 
[4, 54, 55], it was considered pertinent to examine the actions 
of some convulsive agents in order to further characterize 
this test. In this regard, it should be noted that both elec- 
troconvulsive shock treatments [41, 47, 49, 51] and depriva- 
tion of REM sleep [18-20, 33, 40, 42] appear to decrease 
learning and memory (produce amnesia) in experimental 


animals and in man, and that epileptiform electroencephalo- 
graphic activity in epileptics is diminished during REM sleep 
(e.g., [1, 10, 38, 50]). Also, it is now known that tricyclic 
antidepressants produce decreases in REM sleep in man [3, 
21, 23, 24, 31, 32] and that high doses of these agents can 
produce tremors and convulsions in man [3, 25, 35]. These 
findings, together with the fact that pentylenetetrazol- 
induced convulsions were used as antidepressant therapy in 
the late 1930s [8], led us to consider that sub-convulsant 
doses of classic convulsants might produce epileptiform ac- 
tivity in the brain and might decrease REM sleep, and, there- 
fore, that such treatments might have some value as 
antidepressant therapy. 


METHOD 
Animals 
Male CDI mice (Charles River) weighing about 20-25 g 
were used. The animals were allowed to acclimatize to the 
laboratory environment for at least two days before experi- 
ments. 


Drugs 


The agents used were: imipramine-HCl (Sigma Chem. 
Co.), clomipramine (CIBA-GEIGY), salbutamol (Glaxo), 
nomifensine-hydrogen maleate (Hoechst), d-ampheta- 
mine-SO, (Coopération Pharmaceutique Francaise), pilo- 
carpine-HCl (Prolabo), 5-hdyroxytryptophan (Sigma 
Chem. Co.), thioproperazine-bis-methanesulfonate (Specia), 
eserine-SO, (Prolabo), strychnine-SO, (Merck), picrotoxin 
(J. Serigo, Paris), (+)bicuculline (Sigma Chem. Co.) and 
ouabain (Coopération Pharmaceutique Francaise). 
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TABLE | 
DETERMINATION OF LIMINAL DOSES 





Dose 
Substance (mg/kg, PO) Lacrimation 


Salivation 


Doses chosen 


Convulsions Lethality for study 





Strychnine-SO, 0/5 
0/10 
0/5 


Picrotoxin : 0/5 
0/5 
0/5 
0/5 


Bicuculline : 4/5 
4/5 
0/5 
0/5 
0/5 


Pilocarpine-HCl 5/5 
5/5 
4/5 
2/5 


0/5 


Eserine-SO, e 0/5 
0/5 
0/5 
0/5 


0/5 3/5 3/5 
0/10 5/10 3/10 
0/5 0/5 0/5 


0/5 5/5 5/5 5, 10, 20 
0/5 1/5 1/5 
0/5 0/5 0/5 


0/5 0/5 0/5 


0/5 4/5 4/5 
3/5 3/5 
1/5 1/5 
0/5 0/5 
0/5 0/5 


5/5 0/5 0/5 
4/5 0/5 0/5 
4/5 0/5 0/5 
1/5 0/5 0/5 
0/5 0/5 0/5 


0/5 5/5 5/5 
5/5 3/5 3/5 
5/5 2/5 4/5 
0/5 0/5 0/5 





Experimental ratios represent numbers of mice showing a positive response/total numbers of mice studied. 


Despair Test 


The method described by Porsolt and colleagues [46] was 
used. Experiments were conducted with batches of 10 mice. 
The mice were tested singly. Each mouse was placed in a 
narrow plexiglass cylinder (25 cm high and 10 cm in diame- 
ter) filled to a height of 6 cm with water at 22°C; two clyin- 
ders were used. After two minutes of vigorous activity, when 
the mice had generally assumed a characteristic immobile 
posture, the duration of immobility (in seconds) was deter- 
mined for each animal. Using intragastric tubes, the drugs 
were administered orally (0.2 ml/10 g body weight, or an 
equivalent volume of the vehicle) one hour before the test. 
As described by Porsolt et al. [46], the mice were not sub- 
jected to the despair-producing swimming test prior to test 
sessions. Each animal received only a single dose of a single 
drug, or served as a control, and each animal was subjected 
to only one ‘‘despair’’ test. 

For the convulsants, eserine and pilocarpine, doses which 
did not produce abnormal behavior were determined (Table 
1). Of all the drugs tested only the 10 mg/kg dose of pilocar- 
pine produced slight lacrimation and salivation at the time of 
testing. 


Locomotor Activity 


Groups of 10 mice were used to determine whether cer- 
tain agents that were active in reducing immobility in the 
‘despair test’’ increased general locomotor activity [44]; 
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FIG. 1. Effects of some antidepressant agent in the behavioral de- 
spair test. Means+S.E.M. for 10 mice in all cases; **indicates 
p<0.01, when these values are compared with their respective con- 
trols; U-test of Mann and Whitney. 
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FIG. 2. Effects of other centrally-active agents in the behavioral despair test. 
Means+S.E.M. for 10 mice in all cases; * and ** indicate p<0.05 and p<0.01, re- 
spectively, when these values are compared with their respective controls; U-test of 


Mann and Whitney. 


d-amphetamine and imipramine were also tested. Each 
animal was placed into a transparent actimetry cage 
(9.5x22x27 cm; APELAB) and locomotor activity was 
monitored with two photoelectric cells. Conditions were 
identical to those used for the *‘despair test’’; all substances 
were administered orally one hour before the test, and loco- 
motor activity was monitored for 4 minutes commencing two 
minutes after the animals had been placed in the cages. 


RESULTS 


The antidepressants imipramine, clomipramine, and 
nomifensine, and the psychostimulant d-amphetamine re- 
duced immobility in this test, whereas salbutamol and 
thioproperazine-bis-methanesulfonate were inactive (Figs. | 
and 2). In addition, pilocarpine reduced immobility, whereas 
5-hydroxytryptophan was inactive (Fig. 2). When it was 
possible to determine ED,, values from the data obtained 
with only three drug doses, these were: imipramine-HCl (42 
mg/kg), clomipramine (80 mg/kg), nomifensine-hydrogen 
maleate (15 mg/kg) and d-amphetamine-SO, (2.2 mg/kg). All 
classic convulsant agents tested (strychnine, picrotoxin and 
bicuculline), as well as the Na*/K*-adenosinetriphosphatase 
inhibitor ouabain, reduced immobility in the mice in non- 
convulsive doses (Fig. 3). At the highest doses used in the 
‘‘despair test,’’ d-amphetamine increased locomotor activity 
and imipramine did not influence locomotor activity, as ex- 
pected (Table 2). Picrotoxin, bicuculline, strychnine-SO, and 
ouabain did not influence locomotor activity, whereas 
pilocarpine decreased this activity (Table 2). 


DISCUSSION 


The results presented herein concerning imipramine, 
clomipramine, nomifensine, d-amphetamine and salbutamol 
are in agreement with those of other workers (see, e.g., 
[43,46]). The lack of effect of 5-hdyroxytryptophan was also 
expected since previous studies have indicated that ‘*behav- 
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FIG. 3. Effects of some classic convulsants and ouabain in the be- 
havioral despair test. Means+S.E.M.; * and ** indicate p<0.05 and 
p<0.01, respectively, when these values are compared with their 
respective controls; U-test of Mann and Whitney. 


ioral despair’’ does not appear to be influenced by agents 
which affect central serotoninergic mechanisms [7,43]. 
However, thioproperazine (a ‘‘disinhibitor’’ neuroleptic), 
which was found to decrease immobility in mice when ad- 
ministered subcutaneously [37], was not active when orally 
administered. The weak effect of eserine in reducing immo- 
bility is more difficult to explain, since the positive result 
with pilocarpine (a muscarinic receptor agonist which re- 
duced locomotor activity; see also [36]) indicates that central 
cholinergic mechanisms might be involved in this behavioral 





TABLE 2 
LOCOMOTOR ACTIVITY IN THE MOUSE 





Dose Locomotor 


Substance (mg/kg, PO) activity 





8 (30) 
25 (10)* 
22 (10) 
16 (10) 
19 (10) 
39 (10) 
19 (10)* 
14 (10) 


Control (water) 142 
d-Amphetamine-SO, . 229 
Imipramine-HCl 125 
(+)Bicuculline “ 162 
Ouabain $ 133 
Picrotoxin 116 
Pilocarpine-HC] 70 
Strychnine-SO, A 139 


I+ I+ I+ 1+ 14 14 14+ 14 





Means + S.E.M.; numbers of animals in parentheses; *indicates 
that these values differed significantly from the control value; 
p<0.001; Student’s f-test; two-tailed. 


response, as well as being involved in REM sleep [12, 26- 
29], convulsant activity [12,28] and learning and memory 
mechanisms [12, 16, 17, 52]. Decreases in immobility 
produced by anticholinergics (e.g., atropine, benztropine) in 
this test were considered to be related to their pronounced 
motor stimulant effects [43]. However, it should be recalled 
that tricyclic antidepressants do often produce pronounced 
anticholinergic (antimuscarinic) autonomic effects (e.g., dry 
mouth, blurred vision, urinary retention [6,53], and that 
these agents can also have central anticholinergic effects [22, 
34, 53]. 

The most striking findings were the positive responses 
obtained with the three classic convulsant agents tested. 
This result was not altogether unexpected since previous 
studies had shown that immobility in this test can be reduced 
by prior electroshock treatment and by REM sleep depriva- 
tion [44,46] and since the convulsant agent pentylenetetrazol 
was once used in antidepressant therapy [8]. In this regard, it 
should be noted that drug-induced convulsant activity (e.g., 
EEG spiking), like electroconvulsive shock and REM sleep 
deprivation, can produce decreases in learning and memory 
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(e.g., [5, 18-20, 33, 40, 42, 47, 49, 51]). Thus, a common 
factor which could be involved in the reduction of immobility 
in the ‘‘despair test’’ and in antidepressant therapy could be 
a decrease in learning and memory (or an amnesic action). 
Such an (amnesic) action has also been associated with the 
use of antidepressant drugs [3], and, of course, with electro- 
shock therapy [41,49] in man. Regarding electroconvul- 
sive shock antidepressant therapy in humans, its amnesic 
and disorienting effects [41], as well as its suppression of 
REM sleep [2,54], might be important for the relief of symp- 
toms. The mechanism of this amnesic effect (like the mech- 
anism of action of tricyclic antidepressants) could be related 
to a suppression of REM sleep. It should also be noted that 
REM sleep has been linked to mechanisms of learning and 
memory ([40], and see above). 

This hypothesis, though not in accord with the idea of 
Porsolt and co-workers [44], who considered it unlikely that 
reductions in immobility in the despair test were due to 
drug-induced impairment of memory, serves to link the pos- 
itive effects of chemical convulsants (shown herein) with the 
positive effects of antidepressant drugs, electroshock treat- 
ment, and REM sleep deprivation, all of which represent 
antidepressant therapies [4,54]. Thus, these results, in addi- 
tion to supporting the idea that the ‘‘behavioral despair’ test 
has some selectivity for antidepressants, have added a new 
class of candidates (convulsant drugs) for testing a possible 
antidepressants. In this connection, it might be noted that 
subthreshold doses of the three classic convulsant agents 
used would be expected to stimulate the CNS by blocking 
inhibitory y-aminobutyrate- or glycine-receptors [11, 13-15, 
39, 48], and therefore these agents could produce functional 
changes in the CNS similar to those observed with 
antidepressants, electroconvulsive shock, or other central 
stimulants, even though the underlying neurochemical 
mechanisms might be quite different. These convulsants 
could also act as antidepressants by decreasing REM sleep; 
in this regard, it should be recalled that during REM sleep 
descending brainstem influences to spinal motoneurones (ex- 
trapyramidal motor system) appear to be altered, resulting in 
a marked reduction of skeletal muscle tone. Convulsants and 
tricyclic antidepressants, by reducing REM sleep, could in- 
crease this muscle tone, and this could be related to their 
antidepressant actions. 
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GEARY, N. AND G. P. SMITH. Pancreatic glucagon and postprandial satiety in the rat. PHYSIOL. BEHAV. 28(2) 
313-322, 1982.—The hypothesis that administration of pancreatic glucagon inhibits feeding by eliciting satiety for food was 
tested against several behavioral and physiological criteria of specificity. The effects of intraperitoneal glucagon injections 
on intake of a palatable milk diet were tested in rats maintained with ad lib access to pelleted diet. Injections of 25-800 
g/kg glucagon administered at meal onset inhibited meal size by 17-36%, but did not affect the normal postprandial 
behavioral satiety sequence or elicit any behavioral signs of toxicity. Latency to rest and intermeal interval were not 
affected. Glucagon decreased meal size by specifically inhibiting feeding during the terminal phase of the meal without 
affecting feeding earlier in the meal. This was also the case when glucagon was injected 4 min prior to meal onset. This 
range of glucagon doses did not affect water intake in water deprived rats consuming fluid volumes comparable to the milk 
intakes. They also did not affect body temperature. Finally, injection of 400 wg/kg glucagon after the initial exposure to a 
novel drinking fluid was not sufficient to form a conditioned taste aversion in a two bottle preference test. These data, 
together with reports that circulating pancreatic glucagon levels increase during meals, strongly suggest that pancreatic 
glucagon is involved in the production of postprandial satiety. 
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PANCREATIC glucagon has been proposed as a mechanism 
for postprandial satiety because exogenous glucagon inhibits 
food intake [16, 17, 24, 29, 32, 33, 39, 41] and endogenous 
glucagon is released during feeding [13,47]. We test this hy- 
pothesis here and report results that are consistent with it. 


EXPERIMENT | 


If endogenous glucagon is part of the mechanism for 
postprandial satiety, exogenous glucagon administration 
should shorten meals, but not affect ingestive behavior in 
any other way. 

Meals are biologically defined in rats by the behaviors 
following feeding [45]. When feeding ends, the rat grooms, 
displays general exploratory behaviors such as rearing, 
locomoting or sniffing, and, finally, rests or sleeps [1,37]. 
Observation of this satiety sequence is a more restrictive 
definition of satiety than demonstration of inhibition of feed- 
ing alone [37,45]. For example, diet adulteration with 
quinine, amphetamine injection and intracerebroventricular 
bombesin injection all inhibit feeding, but none of them 
elicits the satiety sequence [1,27]. Therefore, we observed 
rats’s behaviors after glucagon injection to determine 
whether glucagon had any disruptive effect on the normal 
postprandial satiety sequence or elicited behavioral signs of 
acute toxicity. 

When rats are fed a liquid diet, feeding proceeds at a high 
rate during the early part of the meal and then decelerates 
later in the meal [7]. Conditioned satiety cues reduce meal 
size by suppressing feeding rate during the terminal phase of 


the meal without affecting the earlier part [7,8]. In contrast, 
changes in meal size elicited by increases or decreases in diet 
palatability are associated with changes in the initial rate of 
feeding [10, 11, 43]. We therefore measured the effect of 
glucagon on feeding rate to determine whether glucagon 
specifically inhibits feeding during the terminal phase of the 
meal. The interval between glucagon injection and presenta- 
tion of liquid diet was varied to insure that the meal 
dynamics observed after glucagon injections were not an ar- 
tifact produced by the time required for absorption of the 
intraperitoneal glucagon. 


METHOD 
Experiment la 


Twelve experimentally naive male Sprague Dawley rats 
(Hormone Assay, Chicago, IL) were individually housed in 
hanging cages (24x 46x20 cm) with transparent plastic sides 
and wire mesh floors. The colony room was brightly illumi- 
nated from 0700-1900 hr and maintained at 21+2°C. Pelleted 
diet (Rodent Lab Chow 5001; Ralston Purina, St. Louis, 
MO) was presented in hoppers hung inside the cages. 
Graduated drinking tubes (Wahmann, Timonium, MD), 
clipped to the exterior of the cages and stoppered with drinking 
spouts, were used to present tap water or milk diet. Milk diet 
was sweetened condensed milk (Magnolia; Borden’s Foods, 
Columbus, OH) diluted with 50% tap water and chilled be- 
fore use. 

After two weeks of maintenance on pellets and tap water 
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ad lib, pre-test adaption was begun. At 0930 pellets were 
removed and rats were weighed; at 1000, they were injected 
intraperitoneally with 1 ml of 0.9% saline and milk diet was 
presented. Milk diet and water intakes were recorded every 
2 min for 50 min and then every 10 min for 3 hr after injec- 
tion. In addition, during the initial 50 min period each rat’s 
behavior was observed for 0.6 sec once each 2 min. The 
observation interval was signalled by a 0.6 sec tone played 
once each 2 sec by a tape recorder. Tone volume was ad- 
justed so that it was barely audible to an observor seated 
about 2 m in front of the cage rack. During the 1.4 sec inter- 
val between the end of one signal and the beginning of the 
next, the observed behavior was classified into one of 18 
operationally defined categories and recorded [19]. Anoma- 
lous behaviors were noted separately. At the end of the 3 hr 
test, milk diet was removed. After 7 adaptation sessions, 
variability (SD) of milk diet intake was less than 20% across 
days, so testing began. 

The test procedure was identical to the pre-test proce- 
dure, except injections contained glucagon. Crystalline 
glucagon (lot 25J-255-120; generously supplied by Dr. W. W. 
Bromer, Eli Lilly Research Laboratories, Indianapolis, IN) 
was dissolved just before tests in DMSO (Fisher, Summit, 
NJ) and then diluted with 0.9% saline to yield a 200 ug/ml 
glucagon, 3% DMSO solution. Injections were | ml of 0.9% 
NaCl, 3% DMSO vehicle containing either 0, 25, 100 or 400 
g/kg glucagon. Each rat received each dose, one dose per 
day on four consecutive days, with order randomized. On 
the first test day, body weights ranged from 355—465 g. 


Experiment lb 


Three days after the end of Experiment 1a, the effect of 0, 
200, 400 and 800 ug/kg glucagon was tested using the same 
animals. Procedures were identical, except injections were 
prepared from 400 uwg/kg glucagon stock solutions. On the 
first test day, body weights ranged from 370-485 g. 


Experiment Ic 

Twelve experimentally naive male Sprague Dawley rats, 
360-470 g, were adapted to the testing procedure as de- 
scribed above. Then, on four consecutive test days they 
were injected with either 400 ug/kg glucagon or vehicle 
alone, and milk diet was presented either immediately after 
injection or 8 min after injection. Rats were tested in all four 
conditions, with order randomized. Food intake was meas- 
ured as previously, but behaviors were not recorded. 


Experiment Id 


The twelve rats used in Experiment Ic plus six additional, 
equal-aged rats were tested as in Experiment Ic, except the 
delay between glucagon injection and milk presentation was 
only 4 min. Body weights were 390-520 g on the first test 
day. 


Data Analysis 


The behavioral observations were used to determine if 
postprandial satiety occurred. The criteria for satiety were: 
first, three consecutive observations of the final item in the 
satiety sequence, resting (defined as a stationary posture 
with the abdomen supported by the cage floor and without 
other behaviors displayed); and, second, lack of anomalous 
behaviors prior to resting. When satiety occurred, three meal 
parameters were measured: latency to rest, the interval from 
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onset of feeding to the first of the three consecutive resting 
behaviors; meal size, the amount of milk diet consumed be- 
fore resting; and intermeal interval, the interval from onset 
of resting to the next bout of feeding (either observation of 
licking the milk spout or of a change in intake of milk diet). 

Cumulative food intake, meal size and latency to rest 
were analyzed with either dose x subject or dose x delay x 
subject anova [50]. Incomplete data were excluded from 
analyses. Individual comparisons were made using the mul- 
tiple r-tests [28]. Intermeal interval data and the frequencies 
of various observed behaviors were analyzed with median 
tests [23]. Because glucagon administered under similar 
conditions rapidly inhibits feeding, tests of cumulative food 
intake and meal size were one-tailed. All other tests were 
two-tailed. Significance levels of 0.05, 0.025, and 0.01 are 
reported. Data are given as mean+SEM unless otherwise 
noted. 


RESULTS 
Experiment la 


Rats approached the milk diet drinking spout and began 
licking immediately after glucagon or vehicle injections, but 
rats slowed and stopped feeding sooner after glucagon than 
vehicle injections (Fig. 1). A significant decrease in cumula- 
tive food intake after all doses of glucagon was first evident 
20 min post injection, F(3,27)=3.19, p<0.05. This inhibition 
was transient; suppression of cumulative intake was no 
longer significant 120 min after injections. 

The major effect of glucagon on feeding occurred in the 
interval between 8 and 12 min after injections, with little 
differential effect before or after that time (Fig. 1). Analyses 
of intake during successive 4 min intervals after glucagon 
indicated that there were no differences in food intake among 
groups from 0 to 4 min after injection, F(3,27)=0.52, p>0.05, 
or from 4 to 8 min after injection, F(3,27)=1.10, p>0.05, but 
that there was a significant inhibition of food intake after all 
three glucagon doses between 8 and 12 min after injection, 
F(3,27)=6.39, p<0.01 (Fig. 2). 

Glucagon affected only one meal parameter, meal size, 
F(3,27)=3.32, p<0.05. Meal size was suppressed in com- 
parison to vehicle injections by 17% after 25 ug/kg glucagon 
and by 26% after 400 ug/kg glucagon (Table 1). Tests be- 
tween individual doses and a test for linear trend [50] were 
not significant. Glucagon did not affect latency to rest or 
intermeal interval. Use of an alternate definition of intermeal 
interval as the interval between the last incidence of feeding 
in the first meal and the onset of the next feeding bout also 
failed to reveal any effect of glucagon. 

When glucagon inhibited meal size, the rats still displayed 
the normal behavioral sequence of satiety. The number of 
observations of feeding during the 50 min behavioral obser- 
vation period was decreased after glucagon injections, x7(3) 
=10.2, p<0.01, but frequencies of postprandial grooming, 
exploratory, standing and resting behaviors were not af- 
fected (Table 2). An anomalous behavior was observed on 
only one occasion. Following 100 wg/kg glucagon one animal 
fed, displayed the satiety sequence and then, after resting 18 
min in a curled position, assumed an extended supine 
posture with extended limbs such as occurs in very warm 
environments. 

Water intake was negligible during the 3 hr period of ac- 
cess to milk diet in control- and glucagon-injected rats. 
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FIG. 1. Cumulative intake of milk diet after intraperitoneal glucagon 
injections. 


Experiment |b 


Experiment 1b confirmed and extended the results of 
Experiment la. Cumulative food intake was significantly de- 
creased 12 min after injection, F(3,21)=3.08, p<0.05, and 
remained suppressed until 140 min after injections. Meal size 
was suppressed, F(3,21)=3.20, p<0.05, but latency to rest 
and intermeal interval were not affected by glucagon injec- 
tions. In contrast to Experiment la, a dose related effect 
could be detected: the 36% suppression of meal size after 800 
ug/kg glucagon in comparison to control, #(21)=2.93, 
p<0.01, was also significantly greater than the suppression 
after 200 uwg/kg glucagon, #(21)=1.93, p<0.05. Glucagon’s 
inhibitory effect on feeding was accompanied by the normal 
postprandial satiety sequence and no anomalous behaviors 
were noted. In Experiment la there were nonsignificant sug- 
gestions of changes in latency to rest, intermeal interval and 
frequencies of grooming and resting (Tables 1 and 2) after 
injection of 400 wg/kg glucagon. There were no indications of 
any such effects in Experiment 1b despite the facts that 
larger doses were tested and percent inhibition of meal size 
was greater. 


Experiment Ic 


Glucagon did not significantly affect food intake when an 
8 min delay was imposed between injection of glucagon and 
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FIG. 2. Effects of glucagon injections on food intake measured be- 
tween 8 and 12 min after injections. Post hoc tests for differences 
between control and glucagon treatments after significant anova 
*p<0.025, **p<0.01. 


TABLE | 
EFFECTS OF GLUCAGON ON MEAL PARAMETERS 





Intermeal 
Interval 
(min) 


Latency 
to Rest 
(min) 


Glucagon Dose Meal Size 
(wg/kg) (ml) 





0 15.6 + 1. 24.2 + 133 
25 242 .LFr 25.0 + 132 
100 12.4 + 1.6* 24.8 + 149 
400 11.6 + 1.5% 16.8 + 5. 116 





Meal sizes and latencies to rest are mean + SEM; intermeal 
intervals are medians. 

Post hoc tests of differences between control and glucagon treat- 
ments after significant anova: *»<0.025, *p<0.01. 
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TABLE 2 
EFFECTS OF GLUCAGON ON FREQUENCIES OF OBSERVED BEHAVIORS 





Glucagon 
dose 
(ug/kg) 


Feeding Grooming 


Behavior 
(%) 


Exploratory 


Standing Resting Other 





ms; 
a2} 
17 
11 


m3 
14 + 
£2 
13 + 


14 


13 + 


16 
16 


a 2 3 
50 
49 
ws s 





Values are mean 


+ SEM observations of each behavior class as percentages of the 25 


observations of each subject during the 50 min test. Grooming is licking, stroking, 
scratching or biting any part of the body; exploratory behaviors are sniffing, locomoting, 
or rearing on hind paws; resting is a stationary position with the abdomen resting on the 
cage floor and no other behavior exhibited. 

Post hoc tests of differences between control and glucagon treatments after significant 
overall effect, sign test: *»<0.05, tp<0.025. 


presentation of milk diet. After 30 min of access to milk diet 
there was a significant overall main effect of glucagon on 
cumulative food intake, (F1,11)=13.21, p<0.01. Post hoc 
tests, however, revealed inhibition only in the no delay con- 
dition: milk intakes decreased from 15.7+1.2 ml after vehicle 
injection to 12.6+1.2 ml after glucagon injection just prior to 
presentation of milk, t(11)=2.96, p<0.01, but intakes did not 
decrease significantly when glucagon was injected 8 min 
prior to milk presentation (17.3+1.5 vs 15.4+.5 ml, 
t(11)=1.81, p>0.05). 


Experiment Id 


When a 4 min delay occurred between injection of gluca- 
gon and presentation of milk diet, glucagon inhibited food 
intake as much as when there was no delay (Fig. 3). Cumula- 
tive food intake after 30 min access to milk diet was signifi- 
cantly inhibited in both conditions, F(1,17)=13.79, p<0.01, 
overall and 1(17)=3.68, p<0.01, and #(17)=2.43, p<0.025, for 
the no delay and the 4 min delay conditions, respectively. 
Neither the main effect of delay, F(1,17)=0.06, p>0.05, nor 
the interaction effect of glucagon x delay, F(1,17)=2.00, 
p>0.05, was significant. 

To determine when glucagon inhibited feeding in the 4 
min delay condition, food intakes during the intervals from 4 
to 8 and from 8 to 12 min after presentation of milk diet were 
separately analyzed. Glucagon had no effect on feeding from 
4 to 8 min after onset of feeding, F(1,17)=4.35, p>0.05, but 
did inhibit feeding between 8 and 12 min after onset of feed- 
ing, F(1,17)=6.17, p<0.025. This inhibition was evident both 
in the no delay condition, #(17)=2.05, p<0.05, and when 
there was a 4 min delay between injection and milk diet 
presentation, #(17)=1.75, p<0.05 (Fig. 4). 


DISCUSSION 


These data indicate that glucagon’s inhibitory effect on 
feeding in animals [3, 12, 16, 24, 29, 30, 39, 48, 49] is a satiety 
effect. Inhibition of feeding is necessary to demonstrate a 
satiety effect, but it is not sufficient because feeding may be 
inhibited without activating satiety processes if the treatment 
causes illness, sedation or behaviors competing with feeding. 
More critical evidence for a satiety effect is provided by 
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FIG. 3. Cumulative intake of milk diet after intraperitoneal glucagon 
injections administered either 0 or 4 min before milk presentation. 
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FIG. 4. Effects of glucagon on food intake when milk diet is pre- 
sented 4 min after glucagon injections. Intakes measured between 4 
and 8 min and between 8 and 12 min after milk presentation are 
shown. Post hoc tests for differences between control and glucagon 
treatments after significant anova: *p<0.05. 


demonstrating that a treatment affects the terminal phase of 
a meal, but not the initial phase, and that the treatment does 
not alter the normal behavioral sequence of postprandial sa- 
tiety. These experiments provide this critical evidence. 

After intraperitoneal glucagon injections, rats ate less, but 
still displayed the normal postprandial satiety sequence. 
Grooming and exploration (sniffing, rearing and locomoting) 
were the dominant behaviors immediately after feeding, and 
resting occurred after a normal latency. The lack of acute 
signs of toxicity such as retching, ataxia or prostration indi- 
cates glucagon did not inhibit feeding by making the rats 
sick, while the normal amount of activity after feeding indi- 
cates that the inhibition of food intake was not due to a 
nonspecific depression of behavior. 

Meal size was the only satiety parameter affected by 
glucagon under these conditions. Meal size was significantly 
decreased after intraperitoneal injection of as little as 25 
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g/kg glucagon, a dose which failed to inhibit feeding when 
intraportally injected under Martin and Novin’s [29] condi- 
tions. In contrast, doses more than 30 fold greater here had 
no effect on latency to rest or intermeal interval. Glucagon 
has sometimes had delayed effects on food intake when in- 
jected during the intermeal interval [3, 32, 49], but only im- 
mediate effects when injected just prior to meal onset [16, 29, 
30). 

Glucagon decreased meal size by specifically inhibiting 
feeding during the terminal phase of the meal without affect- 
ing feeding earlier in the meal. This is consistent with the 
hypothesis that glucagon elicits satiety and does not produce 
an aversion [7, 8, 46]. This temporal pattern was not due to 
the rate of absorption of the intraperitoneal glucagon be- 
cause glucagon injections administered 4 min before meal 
initiation did not hasten the onset of inhibition in comparison 
with injections administered just before meal initiation. Simi- 
lar specific effects on feeding near the end of meals have 
been reported for the putative satiety hormones cholecys- 
tokinin and bombesin [18, 20, 46]. 

The satiety effect of cholecystokinin appears to be 
synergistic with oropharyngeal mechanisms because when 
the time of injection is varied with respect to the onset of 
sham feeding, the potency of the inhibitory effect varies [2]. 
Here, glucagon injections 4 min prior to presentation of milk 
diet did not significantly affect the degree of suppression of 
food intake. Injections made 8 min prior to food presenta- 
tion, however, failed to inhibit feeding. Thus, either gluca- 
gon, like cholecystokinin, interacts synergistically with other 
signals generated by feeding to produce satiety or the dura- 
tion of glucagon’s potency to elicit satiety after intraperito- 
neal injection is very short. The short half life of circulating 
glucagon, which has been reported to be about 10 min or less 
[4,47], is consistent with the latter possibility. 

It is worth noting that these tests of glucagon’s satiety 
effects employed a novel test situation, in which feeding was 
stimulated in rats with ad lib access to maintenance diet by 
presentation of a palatable liquid diet. Thus, feeding stimu- 
lated by incentive motivation, like feeding stimulated by 
food deprivation [3, 16, 29, 30, 39, 48, 49], can be inhibited 
by processes activated by glucagon administration. 


EXPERIMENT 2 


In this experiment we investigated whether intraperito- 
neal glucagon’s inhibitory effect on consummatory behavior 
is specific for food by testing glucagon’s effect on water 
intake in water deprived rats. 


METHOD 


Twelve experimentally naive male Sprague Dawley rats 
weighing 365-480 g were deprived of water for 18 hr daily 
(1700-1100 hr). Pelleted diet was available ad lib except dur- 
ing the first hour of the drinking period (1100-1200 hr). Test- 
ing was begun after 11 days of adaptation to this schedule, 
when the rats weighed 390-495 g. Rats were injected on 4 
consecutive days with 0, 100, 400 or 800 uwg/kg glucagon just 
before water presentation. Injection solutions were prepared 
as in Experiment 1b, and injection order was randomized. 
Water intake was measured 15 and 60 min after injections. 


RESULTS 


Glucagon did not affect water intake. Cumulative water 
intake was not significantly changed either 15 min, 
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FIG. 5. Water intake in water deprived rats after intraperitoneal 
glucagon injections. 


F(3,33)=0.55, p>0.05, (Fig. 5) or 60 min, F(3,33)=0.46, 
p>0.05, after glucagon injections. 


DISCUSSION 


Glucagon did not inhibit water intake in thirsty rats during 
the first 15 min of water access, although identical doses 
inhibited feeding in hungry rats in Experiment 1. Thus, when 
intakes of milk diet and water are equivalent, the inhibitory 
effect of glucagon across this range of doses is specific for 
feeding. This extends Martin and Novin’s [29] report that 
intraportal glucagon injection inhibited feeding, but not 
drinking, in food deprived rats. These results also demon- 
strate that glucagon does not inhibit food intake by interfer- 
ing with the motor acts involved in the consummatory re- 
sponse because ingestion of water required the same licking 
response as ingestion of liquid food did in Experiment 1. 


EXPERIMENT 3 


This experiment investigated whether glucagon inhibited 
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food intake by increasing body temperature. This possibility 
arises from the facts that doses of glucagon comparable to 
those used in Experiment | increase hepatic and gastrointes- 
tinal blood flow in dogs [6, 25, 36, 42] and metabolic rate in 
rats [9]. Either of these effects could lead to an increase in 
body core temperature. 


METHOD 


The 12 rats used in Experiment 2 were given ad lib access 
to pelleted diet and tap water and adapted to measurement of 
body temperature with a rectal probe telethermometer (YSI, 
Yellow Springs, OH). The probe was inserted 6-8 cm while 
the rats were restrained in the crook of an arm. On 4 con- 
secutive test days food was removed at 1100 hr, body tem- 
perature was measured, and either 0, 100, 400 or 800 uwg/kg 
glucagon was injected. Injection solutions were prepared as 
in Experiment 1b and injection order was randomized. Body 
temperature was measured 15 min later, and food was then 
returned. Rats weighed 440-565 g on the first test day. 

Two weeks after this test, the rats were given 3 hr daily 
access to milk diet as in Experiment 1. On days 4 and 5 body 
temperature was measured and either 0 or 800 wg/kg gluca- 
gon injected just before milk diet presentation in a crossover 
design. Food intake and body temperature were measured 15 
min later. 


RESULTS 


Glucagon failed to affect body temperature in either test. 
When food was not present, body temperature 15 min after 
injections was not affected by glucagon, F(3,33)=2.48, 
p>0.05 (Table 3). When milk diet was available, food intake 
was significantly suppressed 15 min after glucagon injection 
in comparison to control injection, 7(11)=4.21, p<0.01, but 
body temperature was not different, #(11)=0.51, p>0.05 
(Table 4). 


DISCUSSION 


These results are decisive evidence that the inhibitory ef- 
fect of glucagon on food intake is not mediated by an in- 
crease in body temperature. 


EXPERIMENT 4 


The conditioned taste aversion or bait shyness paradigm 
has been used to determine whether experiences related to 
ingestion have aversive consequences. In this paradigm, in- 
gestion of a novel flavor is paired with administration of a 
test treatment in the conditioning trial and preference for the 
flavor is measured in extinction trials. Because many toxic 
or nauseating substances readily produce conditioned taste 
aversions [21,38], the failure of a hypothetical satiety agent 
to do so is considered important, although indirect [45], evi- 
dence that the agent’s inhibition of feeding is a satiety effect 
rather than the result of nonspecific debilitation or malaise. 

Glucagon has been assayed twice in conditioned taste 
aversion paradigms. Intramuscular injection of 230 yug/kg 
glucagon produced a taste aversion in rats deprived of food 
for 48 hr [35]. Glucagon, however, has never been reported 
to inhibit feeding after deprivation periods nearly this long 
[30, 40, 44, 48, 49]. The other conditioned taste aversion test 
of glucagon produced negative results. Intraportal injection 
of 55 wg/kg glucagon, which inhibited feeding by 50%, did 
not affect preference for a novel flavor [29]. Preference was 
assessed with a single bottle test, however, which is less 
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TABLE 3 
LACK OF EFFECT OF GLUCAGON ON BODY TEMPERATURE 





Time Glucagon dose 
of (ug/kg) 
Measurement 


(min) 100 400 





0 37.9 + 0.2 38.2 37.8 + 0.1 


15 38.2 + 0.1 38.1 





Body temperatures are mean °C + SEM measured just before and 15 min after 


injections. 


TABLE 4 


LACK OF EFFECT OF GLUCAGON ON BODY TEMPERATURE 
DURING FEEDING 





Glucagon dose 
(ug/kg) 





Body Temperature 
(°C) 

Food Intake 
(ml) 





Values are mean + SEM measured just before and 15 min after 
injections. 
*Different from 0 dose, paired t-test, p><0.01. 


sensitive than two bottle preference tests [14,22]. Because of 
these conflicting reports and because we used larger doses of 
glucagon administered intraperitoneally rather than 
intraportally, we investigated the ability of a dose of gluca- 
gon that inhibits food intake to produce a conditioned taste 
aversion using a two bottle preference test. The toxin lithium 
chloride was used as a standard for the conditioned taste 
aversion paradigm [26,31]. 


METHOD 
Conditioned Taste Aversion 


Nineteen experimentally naive male Sprague Dawley rats 
were individually housed in hanging wire mesh cages 
(19x 34x18 cm) with ad lib access to pelleted diet and tap 
water. After 10 days, when they weighed 240-300 g, a 23.5 hr 
(1030-1000 hr) daily water deprivation schedule was begun. 
On day 7 all rats drank within 10 sec of water presentation 
and 30 min water intake was 16.6+0.7 ml. Differential con- 
ditioning was administered on day 8 to three groups matched 
for body weight. All rats were presented a novel, 0.125% 
saccharin/distilled water solution instead of water at 1000 hr. 
At 1030 hr saccharin was removed and the rats were injected 
intraperitoneally with either control (the glucagon vehicle 
solution, 12 ml/kg), LiCl (1.8 mEq/kg of 0.15 LiCl=12 ml/kg) 
or glucagon (400 ug/kg of 400 ug/ml glucagon=1 ml/kg). On 
day 9 water was presented as previously. Overall water in- 


take was 16.7+0.8 ml and there were no group differences, 
F(2,16)=0.22, p>0.05. Conditioned preference was tested 
on days 10 and 11. Rats were offered both water and saccha- 
rin from 1000-1030 hr. If after 1 min a rat had not licked both 
drinking spouts, the fluid being consumed was removed until 
the other fluid was sampled for 10 sec. The first bottle was 
then returned. Intakes were recorded at 1030 hr. 


Feeding 

After preference testing on day 11, water was presented 
ad lib. In addition, milk diet was presented from 0930-1000 
hr on days 12-15. Twelve rats which had latencies to lick 
milk diet of less than 1 min and whose 30 min milk diet 
intakes were at least 5 ml on days 14 and 15 were randomly 
divided into two groups for food intake testing. On days 16 
and 17, one group was injected according to a crossover 


design with the control or lithium chloride loads used previ- 
ously just before presentation of milk diet at 0930 hr, and the 
other group was similarly administered control or glucagon 
injections. Milk intake was measured at 1000 hr. 


RESULTS 

Pairing the novel saccharin flavor with lithium chloride 
produced a strong aversion to saccharin, but pairing gluca- 
gon with saccharin had no effect on the preference for sac- 
charin (Fig. 6). Percent saccharin intake during the 30 min, 
two choice preference test showed effects of the differential 
conditioning both on day 10, F(2,16)=12.63, p<0.01, and 
day 11, F(2,16)=49.33, p<0.01. On day 10 saccharin prefer- 
ence was significantly suppressed in rats previously treated 
with LiCl in comparison to control treated rats, 1(16)=8.22, 
p<0.01, while glucagon treatment did not affect preference, 
t(16)=1.15, p>0.05. On day 11 saccharin preference was 
again suppressed in the LiCl group, 7(16)=13.41, p<0.01, 
and saccharin preference was enhanced in the glucagon 
group, #(16)=2.89, p<0.01. 

In contrast to their differential effectiveness for taste 
aversion conditioning, both LiCl and glucagon suppressed 
food intake in the feeding test. Glucagon inhibited 30 min 
intake 35+3%, Z=19.28, p<0.01, and LiCl, 25+12%, 
Z=2.08, p<0.05. These percent suppressions are not signifi- 
cantly different, two sample f-test, 1(10)=0.59, p>0.05. 


DISCUSSION 


These results demonstrate that intraperitoneal glucagon 
injections which inhibit feeding are not sufficient stimuli for 
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FIG. 6. Preferences for saccharin solution vs water on days 10 and 
11 after pairing initial saccharin ingestion on day 8 with either con- 
trol NaCl, glucagon or LiCl injections. Saccharin intake as percent 
total fluid intake during 30 min 2 choice tests between saccharin and 
water are shown. Post hoc test for suppression of preference in 
comparison with control treatment after significant anova: *p<0.05. 


formation of a taste aversion in a sensitive, two bottle pref- 
erence test. This extends the observation that intraportal 
glucagon injection does not support taste aversion learning in 
a one bottle test [29]. Although demonstration of decreased 
preference is only ambiguous evidence for malaise or sick- 
ness [8,45], the differential effectiveness on taste aversion 
learning produced by two substances that inhibit feeding 
equally demonstrates that the inhibition of feeding and any 
distress that is measured by the taste aversion test are not 
tightly linked in the case of glucagon. A different form of this 
dissociation is evident in the case of tests of glucagon admin- 
istration after long periods of food deprivation. Under these 
conditions, glucagon produces a taste aversion [35], but does 
not inhibit food intake [30, 40, 44, 48, 49]. All of these data 
support the hypothesis that glucagon affects feeding by 
producing satiety, not sickness. 
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GENERAL DISCUSSION 


A hormone which inhibits feeding must also fulfill behav- 
ioral and physiological criteria of specificity to be considered 
a candidate satiety hormone. In these experiments we inves- 
tigated whether glucagon meets these criteria in order to test 
Martin and Novin’s [29] hypothesis that glucagon is a satiety 
hormone. 

Exogenous administration of a satiety hormone must in- 
hibit feeding by producing satiety. As discussed in Experi- 
ment 1, inhibition of feeding per se is necessary, but not 
sufficient, evidence for satiety. The best evidence for satiety 
in the rat is observation of the behavioral sequence of satiety 
[1,45]. We show here that after glucagon injections which 
inhibit feeding by 17-36%, rats still display the normal satiety 
sequence. Glucagon’s only behavioral effect was on one sa- 
tiety parameter. It suppressed meal size without affecting 
latency to rest or intermeal interval. This confirms the meal 
pattern suggested by the time course of glucagon’s effect on 
cumulative food intake reported by Martin and Novin [29]. 
Injections of slow acting zinc glucagon also specifically sup- 
pressed meal size in rats without affecting intermeal interval 
[12], although glucagon administered in the middle of the 
intermeal interval [3] or 15 min before refeeding 3 hr food 
deprived rats [49] has increased intermeal intervals. 

Glucagon suppressed meal size by inhibiting the rate of 
feeding in the terminal phase of the meal without affecting 
the initial rate of feeding, even when a delay was imposed 
between glucagon injection and meal onset. This fulfills 
Booth’s [7,8] criterion for a satiety effect. 

Glucagon’s satiety effect was shown to be specific for 
food because glucagon injections which inhibited intake of 
liquid diet in hungry rats did not affect water intake in thirsty 
rats consuming comparable volumes of fluid. This extends 
the observation that glucagon fails to affect drinking in water 
replete rats feeding dry food [29]. 

A satiety hormone must not inhibit food intake due to 
toxic effects. We detected no sign of such effects. Intraperi- 
toneal glucagon failed to elicit any behavioral signs of acute 
toxicity, failed to affect body temperature, and failed to sup- 
port taste aversion learning. Intraportal glucagon injections 
which inhibited feeding also failed to produce a taste aver- 
sion [29], while the one report of taste aversion formation 
after glucagon administration [35] occurred in a situation in 
which glucagon has not been shown to inhibit feeding. Sup- 
pression of food intake and appetite in humans injected with 
glucagon also occurred without physical signs or reports of 
malaise, sickness or distress [32, 33, 34]. All of these results 
argue that glucagon does not inhibit feeding by producing 
sickness. 

The dynamics of periprandial plasma glucagon changes 
are also consistent with a role for glucagon in postprandial 
satiety. Endogenous levels of a candidate satiety hormone 
must increase during meals if it is to participate in ending 
meals and must decrease after meals to be consistent with 
the duration of the satiety effect. Pancreatic glucagon in- 
creased within 3 min of meal onset in 2 hr food deprived rats 
and remained elevated until about 10 min after the end of the 
meal [13]. Similar results have been obtained in other situa- 
tions in rats [5,13] and humans [47]. The transient nature of 
exogenous glucagon’s inhibitory effect on feeding observed 
here and previously [29,30] is also consistent with the short 
plasma half life of this hormone [4,47]. It remains to be 
demonstrated, however, that administration of exogenous 
glucagon in amounts producing plasma elevations within the 
physiological range elicit satiety. 





GLUCAGON’S SATIETY EFFECT 


The mechanism by which glucagon inhibits food intake 
also remains to be established. Martin and Novin [29] 
suggested that glucagon’s inhibitory effect on feeding may be 
mediated by its stimulation of hepatic glycogenolysis and 
hyperglycemia. Some indirect evidence supports this. For 
example, extended food deprivation reduces both liver 
glycogen content and glucagon’s potency to inhibit feeding 
[30, 48, 49]. Also, doses of glucagon which stimulate hepatic 
glycogenolysis and elicit hyperglycemia, but do not affect 
lipolysis or ketogenesis, are sufficient to inhibit feeding [16]. 
Further, the blood glucose and liver glycogen changes elic- 
ited by such glucagon injections were very similar to the 
changes in these two parameters occurring during normal 
meals in rats at this time of day [15]. Several dissociations, 
however, between glucagon’s effects on glucose metabolism 
and feeding have also been reported. VanderWeele et a/. [49] 
recently reported that meal size in rats bar pressing for food 
was not affected by 350 uwg/kg glucagon injected 15 min before 
feeding although blood glucose was significantly elevated for 
more than 30 min after injection. Similarly, glucagon failed to 
inhibit food intake in Experiment 1b when injected only 8 
min prior to feeding. Further, large glucagon doses tested 
under conditions similar to those reported here inhibited real 
feeding, but had no effect on sham feeding despite eliciting 
marked hyperglycemia [17]. Finally, glucagon injections 
administered to human subjects had inhibitory effects on 
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food intake and appetite only after the hyperglycemic effects 
had subsided [32,33]. None of these results supports the hy- 
pothesis that glucagon’s effects on feeding are caused by its 
effects on glucose metabolism. The glycogenolytic effect of 
glucagon may be the crucial mechanism for glucagon’s sati- 
ety effect, but this has not been proven yet. 

We conclude that pancreatic glucagon is a putative satiety 
hormone involved in the production of postprandial satiety 
because it fulfills the criteria of specificity and physiological 
plausibility for a satiety agent. Two questions concerning the 
satiety effect of glucagon remain open: First, are the levels of 
endogenous glucagon released during feeding sufficient to 
elicit satiety? Second, what is the mechanism by which pe- 
ripherally administered glucagon affects the brain to inhibit 
food intake? Until these questions are answered, the status 
of glucagon as a physiological satiety signal will be prob- 
lematic. 
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SHOHAM, S. AND P. TEITELBAUM. Subcortical waking and sleep during lateral hypothalami« 


somnolence’ in rats 


PHYSIOL. BEHAV. 28(2) 323-333, 1982.—Following extensive bilateral lateral hypothalamic damage, rats appear **som- 
nolent.’’ Cortical EEG shows persistent high voltage delta, reinforcing the impression of sleep. Preoperatively and postop- 
eratively, we simultaneously measured cortical and subcortical (hippocampal and pontine) EEG, muscular events (neck 
muscle EMG and eye movement EOG), and behavior, which, as aggregates, differentially define quiet sleep, active sleep, 
and waking. Postoperatively, though cortical activity was persistently slow, subcortical EEG, muscular events, and 
behavior, as aggregates, revealed quiet sleep, active sleep, and waking, organized subcortically, intact and alternating, but 
disconnected from the persistent slow cortical activity. For example, preoperatively, active sleep included cortical low 
voltage fast activity, hippocampal theta, episodic pontine spike bursts, flat EMG, and rapid eye movements, without any 
organized behavior. Postoperatively, the same aggregate of subcortical and muscular events indicated the presence of 
active sleep. Similarly so, for subcortically organized quiet sleep and spontaneous waking. Such waking, termed 
‘‘drowsy-wakefulness,”’ is a low-arousal form, perhaps related to drowsiness in other species, and to human hypersomnia 


Drowsiness Pathology of sleep and waking 
Recovery of function 


LATERAL hypothalamic damage has been of interest 
primarily because of its effects on feeding and drinking. 
Anand and Brobeck [1] showed that small localized lateral 
hypothalamic lesions produce aphagia and adipsia in rats and 
cats, leading to death from inanition. However, if kept alive 
by tube-feeding, such animals eventually recover [44], in a 
sequence of stages that constitute the lateral hypothalamic 
syndrome [42] (see [7] and [40] for more recent reviews). 
More extensive damage produces additional symptoms, in- 
cluding sensory neglect [23,24] catalepsy, akinesia, and 
somnolence [19, 21, 25, 31, 35, 39]. In some of our previous 
studies [55,56], such somnolence was considered as an ab- 
normality reflecting a loss in endogenous arousal, and thus a 
factor that could account for deficits in feeding and orienting. 
In this paper, we analyze lateral hypothalamic somnolence 
as a phenomenon in its own right, to learn about its relation 
to normal states of sleep and waking. Therefore, we make a 
distinction, in this paper, between the clinical label *‘somno- 
lence’’ and what we find to underlie such a behavioral state 
in terms of physiological and behavioral measures. 

The study of the EEG has been fruitful in understanding 
the neurophysiological basis of the states of arousal underly- 
ing sleep and waking [26]. In recent years, cortical and hip- 





Aphagia and adipsia 
Methodology of sleep-recording 


Disconnection syndromes 


pocampal EEG has also proven valuable in the analysis of 
various kinds of movement [47], and has provided the lawful 
correlations described below that served as the framework 
for our laboratory’s initial work in the EEG analysis of 
**somnolence”’ [6]. 

In the waking normal rat, hippocampal rhythmic sinusoi- 
dal activity (RSA or ‘“‘theta’’) always occurs during move- 
ments such as locomotion, swimming, orienting, etc., behav- 
iors categorized by Vanderwolf et al. [47] as Type I (volun- 
tary). This type of theta cannot be abolished by atropine 
sulfate [46]. Immobility, and stereotyped automatisms such 
as grooming, tooth-chattering, etc., are categorized by Van- 
derwolf et al. [47] as Type II. These can be accompanied by 
hippocampal irregular activity of large amplitude. Some- 
times, during immobility, there is an atropine-sensitive form 
of hippocampal theta, of a relatively lower frequency and 
amplitude. This happens, for example, when a rat freezes in 
reaction to a danger-signalling stimulus [46]. The cortical 
EEG in normal rats is low voltage fast activity during move- 
ment of Type I, and remains so during Type II behaviors, 
unless the animal becomes drowsy and falls asleep, at which 
time there is large amplitude slow activity. The cortical low 
voltage fast activity cannot be abolished by atropine sulfate 
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during movements of Type I, but it is abolished during im- 
mobility and generally during movements of Type II, when it 
is replaced by cortical high voltage slow activity. Thus, two 
pharmacologically differentiated systems reflect the organ- 
ization of movement in the EEG. The atropine-sensitive one 
correlates with automatisms and immobility [34,47], while 
the atropine-resistant system correlates with movements 
perhaps subject to a more complex level of control. 

Since the lateral hypothalamic-damaged rat shows only 
immobility or automatisms such as grooming, tooth- 
chattering, etc. in stage I of recovery (spontaneous locomo- 
tion, orienting, scanning and ingestion are absent, see 
[41,43]), De Ryck and Teitelbaum [6] expected that the EEG 
of the cortex and hippocampus would correspondingly re- 
flect such a simplification of behavior. They studied the cor- 
tical and hippocampal EEG in relation to movement in stage 
I and in stage II. Indeed, after extensive bilateral lateral 
hypothalamic damage, hippocampal theta was simplified— 
there was now only cholinergic theta, which could be 
blocked completely by atropine. It could appear now during 
movements when it never before was present, i.e., during 
movements of Type II, and sometimes, in trains, during im- 
mobility. This implies that an inhibitory control over 
cholinergic theta, which acts in the normal rat to limit 
cholinergic theta to some forms of immobility, is now miss- 
ing. Cortical activity was also simplified. Fast low voltage 
activity was persistently absent, leaving only slow high am- 
plitude. Fast activity did not appear, even when the animal 
initiated movement. However, as recovery progressed, the 
cortex desynchronized in correlation with theta whenever 
the animal moved. (These results verified similar findings by 
Kolb and Whishaw [19] and Robinson and Whishaw [31].) 
Therefore, early in recovery the cortex was functionally dis- 
connected from subcortical (hippocampal) correlation with 
movement, and was functionally re-connected as recovery 
progressed. 

The behavioral lethargy [21, 27, 31] and the persistent 
slow cortical EEG [6, 13, 19, 25, 39] that follow sufficient 
lateral or posterior hypothalamic damage led to the interpre- 
tation that the “‘somnolence”’ is an abnormally deep and 
persistent form of sleep. An alternative view, expressed re- 
cently [5], is that this involves a complete *‘disorganization”™’ 
of sleep and waking states, including a loss of active sleep. 
However, on the basis of De Ryck and Teitelbaum’s study 
[6] showing cortical disconnection from the subcortical 
organization of movement, we thought that during lateral 
hypothalamic *“‘somnolence,’’ there might be a similar dis- 
connection and subcortical organization of states of sleep 
and waking. These subcortically organized states might very 
well be different from normal. To test this, we measured the 
various EEG and muscular activities which, as aggregates, 
define waking, quiet (slow wave) sleep, and active (REM) 
sleep. 

In our rats, simultaneously with cortical EEG, we studied 
subcortical EEG activity in the hippocampus and pons. We 
also recorded neck muscle EMG, eye movements (EOG), 
and behavioral movements. In accordance with earlier 
studies of sleep in the rat [30, 32, 45, 54], three well estab- 
lished patterns of cortical and subcortical EEG and periph- 
eral activities were found that define the three normal states 
of arousal: waking, quiet sleep, and active sleep. Postopera- 
tively, as the data shown below demonstrate, the same three 
sleep and waking states appeared and alternated, but they 
were organized only at a subcortical level. Therefore, lateral 
hypothalamic rats are not really ‘‘somnolent,”’ in the sense 
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of being in a unitary persistent, unchanging state of deep 
slow wave sleep, nor is their sleep ‘disorganized.’ They 
alternate through waking and both forms of sleep. But the 
cortical EEG is disconnected from this subcortical organiza- 
tion of sleep and waking, being persistently slow and of high 
amplitude. The subcortical wakefulness, which we term 
‘‘drowsy wakefulness,’ appears to be a low-arousal state, 
transitional in the normal between waking and sleep, perhaps 
related to that seen normally in other species [33] and in 
human hypersomnia [4,10]. Indeed, from earlier studies of 
decerebrate animals, where components of sleep were 
demonstrated, one might have expected such a subcortical 
organization after lateral hypothalamic partial transection. 


METHOD 


Twenty male Long-Evans hooded rats weighing 350-550 
grams were implanted with chronic lesion electrodes in the 
lateral hypothalamus, and with electrographic recording 
electrodes in the cortex, hippocampus, and pons. Neck 
muscle EMG and eye movement recording electrodes were 
also implanted at that time. Ten of the animals were im- 
planted with cortical, hippocampal, pontine, and neck mus- 
cle EMG electrodes. The other ten animals were implanted 
with cortical, hippocampal, eye movement EOG, and neck 
muscle EMG electrodes. Under equithesin anesthesia (3.0 cc 
per 100 grams body weight), with the animal’s head fixed in 
the stereotaxic instrument, level between bregma and 
lambda, seven stainless steel miniature screws were screwed 
into the dorsal bony cranium to support cement attachment 
of electrodes and head-connector. One screw, over the cere- 
bellum, served as reference for EEG recording. The lesion 
electrodes were 00 stainless steel insect pins insulated with 
Formvar, except at the 0.5 mm conical tip. They were im- 
planted using bregma as reference: P2.5, L2.0, and 8.0 mm 
ventral from the dural surface. EEG recording electrodes 
consisted of stainless steel insulated pins, 250 micrometers in 
diameter, insulated except at their tip. They were implanted 
in pairs, aligned adjacent to each other along their length, 
with one millimeter separating their lower tips in the vertical 
dimension (after De Ryck and Teitelbaum [6]). For placing 
the lower tip of each pair of electrodes in the dorsal hip- 
pocampus and frontal neocortex, the bregma was also used 
as reference; hippocampus: P4.0, L2.5, and 3.0 mm ventral 
from dura; neocortex: A4.0, L2.0, and 2.0 mm ventral from 
dura. For the dorsal pons, the interaural line was used as 
reference (bregma as midline): P2.0, L1.5, and 6.5 mm ven- 
tral from dura (based on Farber et a/. [8]). EMG electrodes 
were made of Biomed 5-stranded stainless steel wire (Med- 
wire Corp., Mt. Vernon, NY) exposed by flame at the tip and 
tied to the superficial neck muscles, one wire on each side of 
the midline, about 10 mm apart. The same type of wire, 
slipped through the connective tissue over the eye balls, was 
used for EOG recording. All electrodes were connected to a 
male 9-pin ITT Cannon miniature connector (MD1-9PL]1), 
which was firmly attached to the skull with dental cement. 


EEG Recording Techniques and Experimental Procedures 


Recording techniques were basically as described by 
Schallert, De Ryck and Teitelbaum [34]. However, because 
sleep may be disrupted in an unfamiliar environment, all 
recordings were made while the rat was in its home cage, in 
the room in which it was housed. The cage was made of 
Plexiglas to allow observation of behavior and had a remov- 
able top to allow entry of a recording cable. When recording, 
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FIG. 1. 


A representative section of the brain of a rat with bilateral lateral hypothalamic damage. HI=Hippocampus, 


TH=Thalamus, RTI=Inferior Thalamic Radiations, CAl=Internal Capsule, HMV=Ventro-Medial Hypothalamus, TO=Optic 


Tract. (Abbreviations from K6nig and Klippel, [20].) 


the cage was placed in a 60x60 cm Plexiglas open field. A 
multiconductor shielded cable linked the head connector to a 
9-channel mercury commutator, which in turn was connected 
to AC preamplifiers (PS and 7P511) of a Model 7 Grass 
polygraph. The neocortical, hippocampal, pontine, neck 
muscle, and ocular electrographic activities were recorded 
bipolarly and were differentially amplified. The bandwidth (3 
dB cutoff points) for neocortical EEG was 1-35 Hz, for hip- 
pocampal 1-30 Hz, for EMG 10-90 Hz, and for EOG 3-15 
Hz. Movement-related neocortical desynchronization ap- 
peared to be devoid of RSA (theta). Movement-related hip- 
pocampal RSA had amplitudes of 300 wV-1.5 mV. Thus, 
criteria for optimal electrode placement were fulfilled [46]. 

A simple movement sensor was used. Six flexible rubber 
elements supported the bottom of the open field, which 
touched the needle of a phonograph pick-up cartridge (M44E 
Shure) placed underneath. Movements of the rat in its cage 
produced mechanical displacement of the cartridge needle 
which was AC amplified (Grass 7P511, 0.3-30 Hz bandwidth). 
This yielded an analog voltage output, whose frequency and 
amplitude varied with the extent and rhythmicity of move- 
ment. With the cage on the floor of the open field, and the rat 
connected to the polygraph via the multiconductor shielded 
cable, the rat's movements could be recorded simulta- 
neously with electrographic activity. This helped us distin- 
guish sleep from waking, and quiet from active sleep. 

Two weeks after implantation surgery, recordings were 
begun for a three-hour period each day (3-6 p.m.) for a week, 


to obtain sleep baseline records. Room temperature was 23 
degrees centigrade. Lights were on from 9 a.m. to 9 p.m. 
After baseline recordings were obtained, bilateral lesions 
were made. The awake animal was immobilized by wrapping 
it in an elastic bandage, except for its head. For each lesion, 
a direct current of | mA for 30 seconds was passed, with the 
cathodal electrode in the rectum; each chronic lesion elec- 
trode served in turn as the anode. Lesions were made while 
the animals were awake and unanesthetized in order to ob- 
serve the full range of behavioral and EEG consequences of 
the damage, and to avoid confounding the effects of 
anesthesia with the effects of lesions. Postoperatively, re- 
cordings were made at intervals throughout the light part of 
the dark-light cycle. Initially, a continuous period of three 
hours was sampled at intervals of about one to two hours. As 
the EEG and behavioral phenomena stabilized, intervals be- 
tween each three-hour recording session were increased to 
as long as six hours. All data reported in the present paper 
were obtained from animals in stage I of recovery, as defined 
by lack of any eating or drinking, even when offered palata- 
ble wet foods in a dish on the floor of the home cage [42]. 


Histology 


After one to two weeks (the duration of stage I), in which 
sleep and waking were recorded, the animals were 
anesthetized with Nembutal and perfused through the heart, 
first with saline, then with 10 percent Formalin. Forty- 





326 


micrometer sections of frozen tissue were mounted on slides 
and stained for cell bodies, using cresyl violet. 


RESULTS 


Histology 


The lesions produced extensive damage in the region of 
the lateral hypothalamus (Fig. 1). Laterally, they destroyed 
the medial part of the internal capsule (CAI). Medially, they 
encroached upon the lateral aspect of the ventromedial nu- 
clei (HMV). Posteriorly, the lesions typically extended to 
include the HI and H2 fields of Forel, and in a few animals 
beyond them to the level of the red nucleus and the substan- 
tia nigra. The anterior-posterior range was estimated to ex- 
tend from A5340 to A2970 in the Kénig and Klippel atlas 
[20]. Ventrally, the lesions bordered on the optic tract (TO). 
Dorsally, they encroached upon the zona incerta, ventral 
thalamic nuclei, medial lemniscus, and the inferior thalamic 
radiations (RTI). These large lesions represent partial tran- 
sections at the level of the lateral hypothalamus. They de- 
stroy, in varying degree, the neural systems that pass 
through this area, including the medial forebrain bundle, the 
nigro-striatal bundle, and the internal capsule (CAI). Such 
disruption of rostrocaudal systems may contribute to the var- 
ious disconnection phenomena observed in the lateral hypo- 
thalamic syndrome [22, 41, 42, 53]. The damage to the in- 
ferior thalamic radiations may also be involved [36], particu- 
larly in some aspects of EEG disconnection (see Discussion 
section). 


Sleep and Waking in Normal Rats 


Preoperatively, three states were identified: waking, quiet 
(slow wave) sleep, and active (REM) sleep. Behaviorally, 
waking was characterized by organized spontaneous acts 
such as walking, rearing, sniffing, face grooming, scratching, 
etc. The animals startled, froze, or oriented in response to 
loud noise, or touch on the flank. Electrographically, such 
acts were accompanied by cortical low voltage fast activity, 
hippocampal theta during Type I acts [47], occasional eye 
movements, and a high voltage and variable neck muscle 
tone. The sensor under the cage also reflected the behavioral 
movements of the waking rat (Fig. 2; WAKING, PRE-OP). 


During sleep, the rats typically assumed a curved sleep 
posture, with closed eyes, and generally did not react to the 
environment. Electrographically, during quiet sleep, there 
was cortical high voltage slow activity with intermittent 
spindling, hippocampal irregular activity, no eye move- 
ments, and intermediate voltage neck muscle tone. No be- 
havioral movements were detected by the movement sensor. 
except for occasional postural adjustments (Fig. 2; QUIET 
SLEEP, PRE-OP). During active sleep, there was cortical 
low voltage fast activity, hippocampal theta, rapid eye 
movements, and neck muscle atonia (flat EMG). Except for 
phasic muscle twitches, there was no organized behavior 
(Fig. 2; ACTIVE SLEEP, PRE-OP). 


Sleep and Waking in Rats after Bilateral Lateral 
Hypothalamic Damage 


In the first 24-48 hours postoperatively the rats were 
hyperactive. Hyperactivity consisted, during the first 8 to 12 
hours of either forward locomotion or climbing-like move- 
ments along the walls of the cage or box in which they were 
placed. These two types of hyperactivity could appear in the 
same subject alternating with each other or in combination. 
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Hyperactivity was subsequently replaced gradually by 
‘*somnolence.’* There was less locomotion and antigravity 
support in general, but even when not walking, the animal 
would engage in head bobbing, or occasional alternating limb 
movements. As ‘‘somnolence’’ became dominant, locomo- 
tion appeared to be inhibited, but would occasionally seem 
to burst forth in brief whole body jerks forward. This rest- 
lessness was replaced by ‘‘somnolence,”’ usually in about 
48 hours postoperatively. During the first 24-48 hours post 
lesion a variety of seizure activities often appeared in the 
EEG tracings, consisting of spike and wave patterns, series 
of spikes, or spikes on a background of slow waves. There 
did not seem to be a lawful relation between the EEG and 
behavior during EEG seizures. After about 24 hours post 
lesion, persistent cortical high voltage slow wave activity 
was established. Thus, it could appear during the hyperac- 
tive phase, sometimes being replaced by seizure patterns. In 
summary, the first 24-hour phase of post-lesion EEG and 
hyperactive behavior can be seen as reflecting phenomena 
associated with the initial damage. During this phase the rats 
do not seem to sleep at all, and their movement appears to be 
driven, as though by electrical or chemical stimulation of the 
brain. These observations replicate previous studies of lat- 
eral hypothalamic damaged rats [5,19]. 

As hyperactivity subsided it was replaced by ‘*somno- 
lence.’’ Such ‘‘somnolence”’’ was manifested in a variety of 
symptoms: righting in the air or on the ground (contact right- 
ing) was often sluggish. The rats’ movements were slow in 
general, their eyes were often closed or semi-closed, they 
were immobile most of the time, with little or no anti-gravity 
support (Fig. 5A). They were not comatose, however. When 
the tail was pinched, for instance, such an animal could show 
a startle reaction and might orient slowly with its head 
toward its tail, or move forward away from the painful 
stimulus. The cortical EEG was persistently in high voltage, 
slow activity (Fig. 2; COR, POST-OP), reinforcing the im- 
pression that the animal was asleep. Cortical activity re- 
mained slow and of high voltage even when the rat inter- 
rupted its immobility, for example, to groom (Fig. 5B). Thus, 
as judged only from the cortical EEG and the behavior, the 
rats appeared to be in a form of sleep, abnormal in its per- 
sistence and depth. This verifies earlier studies of the syn- 
drome in rats [6, 19, 21, 25, 31]. 

However, when the subcortical and peripheral electro- 
graphic activities that also define normal sleep and waking 
were observed, three aggregates appeared that corresponded 
to the three subcortical and peripheral activity patterns that 
had been present preoperatively. These continued to alter- 
nate, and were still sufficient to define the three states of 
waking, quiet sleep, and active sleep. Because the cortical 
EEG remained in high voltage slow activity and no longer 
varied with these subcortical, muscular, and behavioral 
events, we considered it functionally disconnected. 

One aggregate, similar to active sleep (Fig. 2; ACTIVE 
SLEEP, POST-OP), consisted of hippocampal theta of rela- 
tively low amplitude and frequency, neck muscle atonia (flat 
EMG), rapid eye movements, and no behavioral movements 
except phasic muscular twitches. Except for the fact that it 
was accompanied by cortical high voltage slow activity, this 
aggregate indicated the presence of an active sleep episode. 

Another aggregate, similar to quiet sleep (Fig. 2; QUIET 
SLEEP, POST-OP), consisted of hippocampal irregular ac- 
tivity, intermediate voltage neck muscle tone, no eye move- 
ments, and no behaviors or muscular twitches. Even without 
the slow wave activity, postoperatively, this aggregate indi- 
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FIG. 2. Identification of the three states of sleep and waking in a typical rat, before and after bilateral lateral hypothalamic damage. 
Recordings include neocortical and dorsal hippocampal EEG, neck muscle EMG, and eye movements (EOG). Behavioral movements were 
recorded by a sensor placed under the cage. Three typical aggregates of activity can be discerned preoperatively, and are defined as three 
states: QUIET SLEEP, ACTIVE SLEEP, and WAKING. Postoperatively (POST-OP), cortical activity (COR) is persistently slow and of 
high voltage. However, as can be seen in this figure, the remaining measures form three subcortical and peripheral aggregates that correspond 
to the ones observed preoperatively (PRE-OP). The POST-OP records are all from day three following the damage. Note: Polygraph pen 
sensitivity is higher for the EMG recording. 
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FIG. 3. QUIET SLEEP and ACTIVE SLEEP in a rat, before and after bilateral lateral hypothalamic damage. Both preoperatively (PRE-OP) 
and postoperatively (POST-OP), episodic pontine (PON) spike bursts appear during ACTIVE SLEEP, but generally not during QUIET SLEEP. 
Thus, pontine activity is a component of the EEG and muscular activity aggregates that define the states of sleep and waking (as explained in 
the text and in Figs. 2 and 4). This reinforces the conclusion that postoperatively, there are subcortically organized sleep states, from which 
cortical activity is disconnected. The POST-OP records are all from day 3 following the damage. COR=Neocortex, HIP=Dorsal Hippocam- 
pus, PON=Pons, EMG=Neck muscle electromyogram, MOV=Movement sensor. Note: Polygraph pen sensitivity is higher for neck muscle 


EMG and for pontine (PON) recordings. 


cated the presence of quiet sleep. Note that the slow cortical 
activity was devoid of spindling, in contrast to normal slow 
waves of quiet sleep (see Discussion), and that it appeared all 
the time. Thus, there appeared to be two subcortically organ- 
ized states of sleep, in which cortical EEG did not partici- 
pate. 

If, indeed, there are two distinct forms of subcortically 
organized sleep, they should differ in pontine activity as 
well. Jouvet and Michel [16] and Bizzi and Brooks [2] have 
shown, in the cat, that the pons is the origin of the PGO 
(pontine-geniculo-occipital) spikes that are characteristic of 
active (REM) sleep but are absent in quiet sleep. Recently, in 
the rat, pontine spikes (but not geniculate or occipital) have 
been shown to accompany active sleep, not quiet sleep [8]. 
Therefore, in the present experiment, in 10 out of the 20 rats, 
pontine activity was recorded in addition to all the other 
electrographic cortical, subcortical and peripheral events de- 
scribed above, except the EOG (there were only five record- 
ing channels available on the equipment, forcing the omis- 
sion of EOG whenever pontine activity was added). 

Preoperatively, as shown in Fig. 3, during active sleep, 
episodic spike potentials appeared in the pons (PON), along 
with the other cortical, subcortical, and peripheral events 
that define this state of sleep. Thus, the cortex was in low 
voltage fast activity, there was hippocampal theta, complete 
absence of neck muscle tone (flat EMG), and only phasic 
muscle twitches. Preoperatively, during quiet sleep, pontine 
spikes were generally not observed (Fig. 3; QUIET SLEEP, 
PRE-OP). When they did occur during quiet sleep, it was 
generally at the transition to active sleep. The other cortical, 
subcortical, and peripheral events were as described for 
quiet sleep in Fig. 2 (except EOG). Thus, we confirm Farber 
et al. [8]. 

Postoperatively, as also is shown in Fig. 3, pontine spike 
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FIG. 4. Preoperative and postoperative pontine spike trains, charac- 
teristic of waking. Along with the behavioral acts and the other 
aggregate activities that define waking, characteristic pontine spike 
trains appear. Compare with Fig. 3, which shows that such trains do 
not appear during quiet sleep (no spikes) or during active sleep 
(episodic spike bursts). COR=Neocortex, HIP=Dorsal Hippocam- 
pus, PON=Dorsal Pons, MOV=Movement sensor. POST-OP is 
taken 3 days following the damage. Note: EMG and PON activity 
are recorded with higher sensitivity. 
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potentials were present during active sleep, but generally not 
during quiet sleep, except occasionally, during transitions to 
active sleep. This supports our hypothesis that in lateral hy- 
pothalamic ‘‘somnolence”’ in stage I of recovery, there are 
two distinct forms of sleep, corresponding to quiet and active 
sleep, but subcortically organized, and functionally discon- 
nected from cortical activity. 
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FIG. 5. Groom-arrest during ‘“‘drowsy wakefulness.”’ Figure 5A shows a rat in stage I of recovery. It 
does not eat or drink and spends most of its time immobile, asleep, or in ‘‘drowsy wakefulness”’ as 
shown here (note the open eyes). At such times, even though its cortex remains in slow high voltage 
activity (Figs. 2 and 4), it may engage in spontaneous behaviors which reveal a subcortically organized 
low-arousal state of drowsy-wakefulness (see text). In B-D, grooming begins, but this is suddenly 


interrupted, and the rat gradually sinks into sleep. 


Waking Postoperatively 

Besides quiet and active sleep, there was also a subcortical 
and peripheral aggregate of electrographic activities (Figs. 
2 and 4: WAKING) which was accompanied by organized 
behavioral movements, and thus indicated the presence of a 
subcortical form of waking. We call this ‘“‘Drowsy Wakeful- 
ness’’ (see Discussion). The movements were either spon- 
taneous (face grooming, chewing, tooth-chattering, scratch- 
ing, yawning, and stretching) or were elicited (tail-pinch- 
induced startle). The electrographic aggregate (see Fig. 2; 
WAKING) consisted of hippocampal theta, high voltage and 
variable neck muscle EMG, behavioral movements, occa- 
sional eye movements, and occasional trains of pontine 
spikes uniquely characteristic of waking (see Fig. 4, WAK- 
ING, PRE- and POST-OP). 

It should be noted that both preoperatively as well as 
postoperatively, in each of the three states, pontine activity 
consisted, for the most part, of uniform low voltage fast 


activity, which did not differentiate any of the states. How- 
ever, during active sleep and waking, spiking activity did 
appear which was sufficient to differentiate these two states 
from slow wave sleep. During active sleep, such spiking 
consisted of brief episodic bursts. During waking, such spik- 
ing consisted of longer trains. 

Behaviorally, *‘drowsy wakefulness’’ was very different 
from normal. One aspect was the animal’s apparent inability 
to maintain spontaneous wakeful activities for a normal 
length of time. For example, there was the ‘‘groom arrest”’ 
phenomenon, first described by Levitt and Teitelbaum, [21] 
(Fig. SB—D). Often, as the rat bends to groom its genital or 
abdominal area, it suddenly arrests, and gradually subsides 
into a head-down posture in which it falls asleep. Also, if the 
rat was roused to action by brief external stimulation such as 
a tail pinch, it quickly relapsed into sleep. Thus, the low level 
of endogenous arousal seemed insufficient to sustain pro- 
longed waking. 





330 


We identified all three states—waking, quiet sleep and 
active sleep once stage I ‘*‘somnolence’’ was established, 
following the hyperactivity and seizure phase. Once 
hyperactivity subsided and was replaced by “‘somnolence”’ 
these three subcortically organized states cycled regularly. 

Out of 20 implanted and bilaterally damaged rats, 17 were 
in stage I of recovery [42]. Of these 17, 15 showed the com- 
plete cortical disconnection described above. In the other 
two, cortical low voltage fast activity appeared during behav- 
ioral acts or during the phasic twitches of active sleep. One 
rat of the remaining three died 24 hours post lesion, and the 
others showed only slight behavioral effects of the damage, 
quickly recovering normal feeding patterns. 

In summary, there appears to be a subcortical organiza- 
tion of states of sleep and waking, as reflected in electro- 
graphic aggregates of subcortical and muscular activities, and 
in behavior. This includes a subcortical form of waking, 
termed ‘‘drowsy wakefulness,’ much reduced in arousal. 


DISCUSSION 


Our results confirm that sufficient bilateral lateral hypo- 
thalamic damage, in addition to aphagia and adipsia [42], 
catalepsy [35], and sensory neglect [23,24] produces what 
looks like a persistent unvarying deep sleep or ‘‘somno- 
lence’’ [21] accompanied by cortical high voltage slow activ- 
ity [6,19]. However, these earlier studies did not simulta- 
neously measure the behavioral acts along with the cortical 
and subcortical EEG and muscular (EMG and EOG) elec- 
trographic activities associated with sleep and waking. On 
doing so, we found a subcortical organization of the states of 
sleep and waking. This is in contrast to Danguir and 
Nicolaidis [5] who observed behavior and recorded only 
cortical EEG, and concluded from its persistent high voltage 
slow activity that there was a breakdown of the organization 
of sleep and waking. In particular, they suggested that active 
sleep was completely abolished. On the contrary, the present 
paper shows that subcortical and peripheral components of 
sleep and waking remain intact, still organized as aggregates, 
but functionally disconnected from the persistent, slow cor- 
tical activity. These subcortical states alternate regularly and 
appear to correspond to the three states of waking, quiet 
sleep, and active sleep. 

However, Danguir and Nicolaidis [5] were correct in em- 
phasizing that the cortical slow waves are abnormal, for two 
reasons: (1) there are no sleep spindles, and (2) they remain 
unchanging, uncorrelated with organized behavioral acts 
(also see [6, 19, 31, 36]). We verify these findings (see Figs. 
2, 3, and 4). However, based on our simultaneous recording 
of subcortical and muscular events, we believe, not that 
there is a total disruption of sleep, but that the cortex is 
functionally disconnected from the states of sleep and wak- 
ing, now organized only subcortically. The loss of sleep 
spindles may be related to damage in the inferior thalamic 
radiations [36]. The disconnection may reflect a deactivation 
of cortical function, directly, due to disruption of ascending 
activating systems [4, 12, 17, 21, 31, 36, 55, 57], and/or indi- 
rectly, via a disruption of descending activating inputs to the 
reticular formation [18], as well as the thalamocortical sys- 
tems [36, 50, 51, 57]. Alternatively, there may be a disinhibi- 
tion of inhibitory systems, such as the anterior hypothalamic 
descending inhibition of the reticular system [3,37] or the 
inhibitory reticular systems themselves [26]. 

In a wider context, our results may be valuable in under- 
standing normal and abnormal states of sleep and wakeful- 
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ness. In particular, we distinguish a subcortically organized 
form of waking. On a background of low arousal, and within 
the constraints of a drastically limited behavioral repertoire, 
a residue of organized acts still occurs in association with the 
same subcortical EEG and muscular events that charac- 
terized waking preoperatively. As shown in recent studies, 
early in stage I of recovery, even when not asleep, lateral 
hypothalamic rats do not explore the environment and do not 
eat. They cannot spontaneously self-activate the movement 
subsystems involved in forward locomotion, head-scanning, 
head-orienting and mouthing of food or fluid [6, 9, 43]. In 
other words, they are akinetic, display sensory neglect, and 
are aphagic and adipsic. However, they retain postural sup- 
port, and engage in organized body-oriented acts, such as 
grooming, scratching, head and body shake, stretching, 
mouthing in air, and yawning, ([6, 9, 21, 31] and the present 
paper). When these appear, the eyes are usually open, and in 
the EEG there is hippocampal theta and pontine low voltage 
activity with occasional spike trains. Eye-movements appear 
in the EOG accompanying high voltage neck muscle EMG. 
Thus, except for the functionally disconnected persistent 
cortical slow activity, the entire aggregate of EEG and mus- 
cular events appears, that characterized waking preopera- 
tively, distinct from that of quiet or active sleep. 

We call this subcortical low-arousal state *‘drowsy wake- 
fulness.”’ It seems analogous to a similar state, identified as 
‘*‘drowsiness’’ in normal cattle by Ruckebusch [33]. Cows 
show cortical high voltage slow activity while awake (the 
eyes are open, the head is supported above the ground, the 
jaws are engaged in chewing, etc.). This unique functional 
state occupies a typical percentage of the sleep-waking cy- 
cle. A quantification of the relative amount of “‘drowsy 
wakefulness’” should be done in lateral hypothalamic- 
damaged rats too. 

Drowsiness has been described as a transitional state be- 
tween waking and slow-wave sleep in cats [37]. It is greatly 
exaggerated by peripheral deafferentation [52], which re- 
moves several sources of activation. This form of drowsiness 
may therefore have much in common with the low-arousal 
form of drowsy wakefulness seen here in lateral hypotha- 
lamic-damaged rats. 

Furthermore, lateral hypothalamic drowsy wakefulness 
bears an interesting similarity to a syndrome of hypersomnia 
in humans [10]. Such people may feel drowsy much of the 
time, often falling into periods of slow EEG ‘‘micro-sleep.”’ 
They may continue organized behavioral sequences, abnor- 
mal in their outcome. For instance, patients have reported 
‘*. . . finding themselves miles away from home while driving, 
performing inappropriate actions such as sprinkling salt in 
coffee, putting dirty plates in a clothes dryer and turning on 
the machine. . . The patients were totally unaware of their 
actions during these episodes. . .”’ [10]. 

The behavior of lateral hypothalamic-damaged animals 
also often goes astray. There is groom-arrest, in which 
grooming is suddenly interrupted and switched into sleep. 
Even later in their recovery, there is impairment in the 
sequencing of more complex behavioral acts [9]. They too, 
like hypersomniac patients, suffer from reduced endogenous 
arousal, which may highlight disorder in the wakefulness 
system [10]. 

The disconnection of components of sleep and waking is 
not new. After complete transection, cortical activity may be 
persistently slow, while sleep states remain organized below 
the transection [3, 17, 48, 49]. With some recovery, the fore- 
brain may show alternation of synchronization and desyn- 
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chronization, independently of the cycling of states below 
the transection [13,49]. Furthermore, after complete removal 
of cortical tissue, the brain below is still capable of organized 
sleep and waking cycles [17]. 

However, in studying animals with localized lesions, it is 
often assumed that the nervous system, even though abnor- 
mal, is acting as a whole. Thus, the persistent slow cortical 
EEG and lethargic appearance of lateral or posterior 
hypothalamic-damaged animals has in the past been taken as 
a sign of a unitary, persistent sleep-like state [13, 14, 21, 26, 
29, 31, 39]. Alternatively, when such slow EEG did not agree 
with the presence of organized behavioral acts, some inves- 
tigators have interpreted this as a complete disorganization 
of the EEG, and correspondingly, as a total breakdown of 
sleep [5]. What is new in the present paper is the demonstra- 
tion in such animals of a functional disconnection of cortical 
activity from subcortically organized, intact and alternating, 
sleep and waking states. When, for the most part, such an 
animal is lethargic, close behavioral observation combined 
with subcortical and peripheral measures reveals periods of 
waking—our ‘‘drowsy wakefulness.’’ On the other hand, 
when the animals engage in organized acts, and the cortex 
remains slow, one must realize that these movements are 
disconnected from the cortical activity [6]. Perhaps it would 
be more fruitful to view lateral hypothalamic damage, not as 
localized lesions, which abolish unitary functions, but rather 
as partial transections, which decompose hierarchically or- 
ganized functions into simpler components. After such dam- 
age, sleep and waking are at first functionally disconnected 
from cortical activity, but recovery can occur. For instance, 
shortly after lateral hypothalamic damage, the association of 
hippocampal theta with movement still occurs, but func- 
tionally isolated from the slow cortical activity. Later in re- 
covery, cortical desynchronization reappears, once again 
linked with hippocampal theta [6]. Correspondingly, in re- 
covery, one should expect the reconnection of cortical ac- 
tivity with sleep and waking. 

One might argue that ‘‘drowsy wakefulness”’ is active 
sleep, not waking. After all, they both have, in common, 
hippocampal theta, eye movements and pontine activity. 
The cortex, being functionally disconnected, offers us no 
clue to distinguish them, and even if it were re-connected, it 
would still be desynchronized, whether the state was one of 
waking or of active sleep. The major differences are: during 
‘**drowsy wakefulness,’ the neck EMG is not flat, and organ- 
ized behavioral acts occur. But this is what happens in active 
sleep without atonia in cats after pontine damage. Therefore, 
why not label our state of ‘‘drowsy wakefulness’’ as sleep 
without atonia? First of all, we found, preoperatively, that 
rhythmic pontine spike trains (see Fig. 4) occur only during 
waking, whereas, during active sleep, episodic spike bursts 
occur (see Fig. 3). Postoperatively, rhythmic pontine spike 
trains still occurred, strengthening our interpretation that 
‘drowsy wakefulness”’ was, in fact, a form of waking. Fur- 
thermore, active sleep was also present, with its flat EMG 
and episodic pontine spike bursts. The mechanisms respon- 
sible for linking neck muscle atonia to the subcortically or- 
ganized state of active sleep appear to remain intact after 
lateral hypothalamic damage, thus making the interpretation 
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of active sleep without atonia even less likely. However, 
‘drowsy wakefulness”’ and active sleep in our rats should be 
explored further. Shivering should not occur, if drowsy 
wakefulness is, in fact, active sleep without atonia [11,28]. 
Furthermore, in recovery, more organized behavioral acts 
should occur during drowsy wakefulness as it recovers 
toward wakefulness; conversely, if it recovers toward active 
sleep, organized behaviors should diminish, and neck muscle 
EMG atonia should increase. 

Comparing the present report and other reports from our 
laboratory [6, 9, 21, 56] with reports of other investigators 
[19], it appears that our lateral hypothalamic damaged rats 
show, not only akinesia, catalepsy, sensory neglect and 
aphagia and adipsia, but also ‘‘somnolence.’’ This may be 
due to differences in the size of the lesion, ours presumably 
being larger. It may also be due to differences in the obser- 
vation and interpretation of behavior. Other investigators 
have tested lateral hypothalamic-damaged rats in running 
wheels and challenged them in water tanks, thus eliciting 
running and swimming [19]. Such tests demonstrate that 
these animals can be galvanized into action, perhaps even to 
normal levels. On the other hand, when one observes the 
spontaneous behavior of these animals, they are sluggish and 
akinetic. When there is spontaneous behavior in these 
animals it is of short duration and tends quickly to be re- 
placed by sleep. Therefore, external sources of activation 
are necessary to maintain wakeful, highly organized, 
environmentally-directed behavior in these animals. We see 
their dependence on external activation as reflecting a low 
level of endogenous activation or arousal. 

Throughout this paper, we have regarded the persistent, 
unchanging high amplitude slow cortical activity of the LH- 
damaged rat as indicating that the cortex is functionally dis- 
connected from the subcortical and peripheral events that do 
continue to reflect changes in states of waking and sleep. In 
other words, we take the cortex to be isolated from subcorti- 
cal input or output, being unresponsive to, and having no 
effect on those alternating subcortical events. This may be 
incorrect. The cortex might be changing its activities in ways 
not reflected by our recording methods, and might also be 
exerting active inhibitory actions on subcortical systems. 
(We thank Allan Rechtschaffen of the University of Chicago 
for suggesting this.) We do not rule out inhibitory actions, 
but until we can detect those actions, we prefer the simpler 
assumption that the cortex is merely passively isolated by 
the lesions, functionally disconnected from the subcortical 
events that go on without being modulated by it. 

In summary, after lateral hypothalamic damage in rats, 
three subcortically organized alternating states of sleep and 
waking were identified, functionally disconnected from cor- 
tical activity, which remains slow and unchanging during 
what has previously been considered an unchanging state of 
persistent deep sleep, labelled as ‘‘somnolence.’’ Within the 
state of ‘‘somnolence,’’ not only are there periods of quiet 
and active sleep, but also periods of organized behavioral 
acts, accompanied by the same subcortical and muscular 
signs which, as an aggregate, identify waking. We call this 
subcortically organized, low-arousal form of waking, 
**drowsy-wakefulness.”’ 
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CHESIRE, R. M. AND P. TEITELBAUM. Methysergide releases locomotion without support in lateral hypothalamic 
akinesia. PHYSIOL. BEHAV. 28(2) 335-347, 1982.—Rats made profoundly akinetic by large bilateral electrolytic partial 
transections of the lateral hypothalamus were released from their akinesia by methysergide maleate (45 mg/kg, IP). When 
tested as soon as 24 hr postoperatively, lateral hypothalamic rats treated with methysergide displayed vigorous forward 
locomotion without postural support for as long as an hour and a half. By postoperative day 5, the locomotion elicited by 
methysergide was integrated with postural support to produce a more normal form of walking. Although atropine sulfate (50 
mg/kg, IP) releases excessive walking in akinetic rats treated with 6-hydroxydopamine [53] it did not release locomotion in 
lateral hypothalamic rats. Similarly, apomorphine, clonidine and phentolamine did not do so. Assuming that methysergide 
in the dose used exerts its effects primarily via the blockade of serotonin systems, we suggest that, in addition to an 
inhibitory cholinergic system, an independent inhibitory serotonergic system may also exaggerate the akinesia seen follow- 
ing treatments that diminish the action of brain catecholamine systems. Furthermore, the type of locomotion released by 


methysergide is a fractional form not previously isolated. 


Lateral hypothalamic syndrome 
Catecholamine systems Serotonin 


Methysergide 
Atropine 


AKINESIA, a dearth of spontaneous movement, is a 
prominent and disabling symptom of severe parkinsonism 
[31,55]. In animals, akinesia can be produced by a variety of 
techniques that diminish the action of brain catecholamine 
systems [22, 36, 39, 61]. In part, such akinesia results from 
the unchecked action of inhibitory neural systems that re- 
main intact. For instance, atropine can release an excessive, 
simplified form of locomotion in otherwise completely 
akinetic 6-hydroxydopamine-(6-OHDA)-treated rats [53]. 
However, atropine does not release forward locomotion in 
rats made akinetic by electrolytic lateral hypothalamic dam- 
age (this paper, Table 2; Schallert and Teitelbaum, unpub- 
lished observations). 

In this report, we demonstrate that the profound akinesia 
produced by lateral hypothalamic damage can be reversed 
by methysergide, a serotonin receptor blocker [34,47]. Fur- 
thermore, in animals with the same size lesions, methyser- 
gide releases locomotion at a time when atropine, apomor- 
phine, clonidine and phentolamine do not do so. The 
locomotion released by methysergide is a fractional form 
which differs from that released by atropine in the 6- 
OHDA-treated preparation. Early in recovery, it can occur 
in the absence of postural support, head scanning, or head 
orienting. Later in recovery, postural support reappears and 
the locomotion released by methysergide becomes inte- 
grated with it, thus appearing more normal in form, though 
still lacking head orienting and lateral head scanning. 





‘Part of this work was briefly reported elsewhere (Chesire and Teitelbaum, Soc. 
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METHOD 


Eighty-three male and one female Long-Evans hooded 
rats weighing 276-600 g at surgery were anesthetized with 50 
mg/kg sodium pentobarbital and subjected to bilateral elec- 
trolytic lesions of the lateral hypothalamus (1 mA current for 
20-32 sec, anodal). With the skull level between bregma and 
lambda, the electrode coordinates were: 6 mm anterior to the 
interaural line, 2 mm lateral to the exposed midline sinus and 
8 mm ventral to the dura. Following surgery, all animals 
were akinetic, aphagic and adipsic [1, 36, 65], and were kept 
alive by intragastric intubation of a liquid diet [64]. At var- 
ious postoperative intervals, they were injected intraperito- 
neally with one or another of the following antiserotonergic 
drugs on separate days: methysergide maleate (45 mg/kg; 
Sandoz; n=40; 1-3 trials per animal), cyproheptadine HCI 
(5-120 mg/kg; Regis; n=6; | trial per animal), cinanserin HC] 
(5—S0 mg/kg; Squibb; n=5; | trial per animal), or metergoline 
HCI (2 or 5 mg/kg; Farmitalia; n=3; 1 trial per animal). Be- 
cause atropine can reverse akinesia in 6-OHDA-treated rats 

53], we injected 25 akinetic lateral hypothalamic rats with 50 
mg/kg atropine sulfate (Sigma; 1-5 trials per animal). To de- 
termine whether methysergide might be acting by stimulating 
dopaminergic or noradrenergic systems ([44], see [48] for a 
review), we also injected 12 lateral hypothalamic rats with 
the dopamine receptor agonist apomorphine HC! (0.05—10 
mg/kg; Sigma; 1I-2 trials per animal), or the adrenergic recep- 
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tor agonist clonidine HCI (0.05-5 mg/kg; Boehringer In- 
gelheim; n=4; | trial per animal). Because some evidence 
exists that methysergide may block noradrenergic receptors 
[9], we administered 15 mg/kg phentolamine to two akinetic 
rats. Finally, 7 control lateral hypothalamic rats were in- 
jected with | cc/kg normal saline (2-7 trials per animal). All 
drug doses are expressed as the respective salt. The dose of 
methysergide was determined in pilot work, atropine from 
[53], and dosage ranges of other drugs from [2, 3, 23, 41, 69]. 
(Authors’ note: Methysergide was administered to a total of 
40 lateral hypothalamic rats. Of these, 30 showed increased 
locomotion. The 10 that remained akinetic were tested using 
older samples of the drug. In these, we noted that the body 
temperature did not drop, as it did uniformly in released rats. 
We suspect that drug degradation [23] may have been re- 
sponsible for the lack of release in these animals.) 

Responses were recorded on videotape or 16 mm movie 
film. To quantify the effects of lesions and/or drugs on 
locomotion, we placed the rats in the center of a 150 cm long 

77 cm wide table with a smooth surface that was pushed 
against a wall on one side and had a 50 cm high barrier at one 
end. We counted the number of hindlimb steps taken for 30 
min immediately prior to injections (except Table 2), and for 
30 min following injections. Our definition of hindlimb step- 
ping required the hindlimbs to move forward, one past the 
other. Thus, backward or sideward steps taken as postural 
adjustments of the hindlimbs to lateral movements of the 
head and forequarters were not counted. (In the case of 
drugs such as clonidine, phentolamine, cyproheptadine and 
cinanserin, this made no difference since the animals re- 
mained completely akinetic following the drugs. However, 
with apomorphine and atropine, some sideward or backward 
stepping was observed. Apomorphine produced postural ad- 
justments that resulted in 4 to 13 very slow 360° rotations, 
while atropine produced some backward stepping. However, 
neither apomorphine nor atropine elicited forward locomo- 
tion). Postinjection step counts were begun immediately 
(apomorphine, clonidine), or after a 5 min interval (other 
drugs). During the postinjection observation period, a few 
rats arrested their locomotion when the snout encountered 
the barrier or the wall. After 1 min of arrest, they were 
picked up and placed at the opposite end of the table or 
turned away from the barrier or wall. Because methysergide 
and other antiserotonergics can reduce body temperature 
[29], and because even skin temperature can influence 
locomotion in lateral hypothalamic rats [38,52], we measured 
rectal temperature prior to injection, during the postinjection 
step counts, and following the step count period. 


Histology 


Thirty animals were deeply anesthetized with sodium 
pentobarbital and perfused through the heart with normal 
saline followed by 10% formol-saline. The brains were then 
removed from the skull and fixed in Formalin for a few days. 
Some were embedded in egg yolk. Frozen coronal or saggital 
sections of 100 u« thickness were mounted and stained with 
cresyl violet. Verification of lesion size and placement was 
done using a Bausch and Lomb microprojector, with refer- 
ence to a stereotaxic atlas [35]. 


RESULTS 
Histological Analysis 


Figure | shows representative coronal and saggital sec- 
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tions of large (1 mA for 30 sec) lateral hypothalamic lesions. 
Viewed coronally (Fig. la), the lesions destroyed the lateral 
hypothalamus, and most often invaded the retrolenticular 
aspect of the internal capsule laterally, and the column of the 
fornix medially. Dorsally, the lesions involved the zona in- 
certa; ventrally they were bordered by the dorsal aspect of 
the optic tract. As shown in Fig. la, some very large lesions 
invaded more medial (dorsomedial hypothalamus) struc- 
tures. The posterior and anterior extent of such lesions can 
be visualized more readily in a sagittal section of a typical 
lesion (Fig. 1b). The lesions usually extended as far anterior 
as the supraoptic nucleus and as far posterior as the anterior 
border of the mamillary peduncle. In one animal (not 
shown), the anterior border extended much further, involv- 
ing the lateral preoptic area anteriorly, and extending 
posteriorly to invade the lateral mamillary nucleus. 


Methysergide: Days 1-5 


Even on postoperative day 1, when the akinesia was most 
profound and antigravity postural support was absent [25], 
methysergide released forward locomotion for as long as an 
hour and a half. Table 1 shows pre- and postinjection step 
counts for lateral hypothalamic rats injected with methyser- 
gide. On most postoperative days, step count differences 
were quite large, 1(27)=4.46, p<0.001 (for correlated 
means). 

Prior to injection, day 1 animals were prone (see Fig. 2a), 
immobile, and, except for a few rats that displayed occasional 
head shakes, yawning, and grooming, were virtually motion- 
less during the entire 30 min preinjection period. Methyser- 
gide released locomotion as early as 4 min postinjection 
(mean=6.54 min, see Table 1), producing up to 875 steps 
during the 30 min postinjection step count period (although 
many animals continued to walk much longer). 

The locomotion was vigorous, but was only a simplified 
fraction. It included only forward locomotion without lateral 
head scanning, head orienting, or postural support. The 
animals propelled themselves in a relatively straight line 
forward, although there was some tendency to veer in one 
direction or the other. Because postural support was absent, 
they appeared to be crawling. As will be described in more 
detail below, the locomotion appeared to originate primarily 
in the hindlegs, with the forelegs lagging in their associated 
stepping. Figure 2 (b-f) illustrates the typical posture and 
step cycle of a day | lateral hypothalamic rat released by 
methysergide. 

After the first few steps (10-15 min postinjection), the 
locomotion gradually became continuous and brisk. The 
animals moved relatively straight forward, with no associ- 
ated head scanning or head orienting, and they did not spon- 
taneously back up. When the snout encountered a vertical 
surface, one of three things occurred: (a) if the snout was 
perpendicular to the wall as it bumped it, or if it was at the 
angle where two walls formed a corner and the snout re- 
ceived bilateral contact, the head was raised upward in a 
vertical tactile scan, sometimes accompanied by lifting of the 
trunk and standing up; (b) if the snout hit the wall at a slight 
angle, the head was turned slightly, allowing unilateral snout 
contact to be maintained as the animal continued to drive 
forward, steering contralaterally along the wall; or (c) in 
animals that took as few as 5-14 steps following methyser- 
gide, snout contact with the wall caused a complete arrest of 
locomotion. When such animals were manually turned away 
from the wall, they resumed forward locomotion. When the 
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FIG. 1. Representative coronal (A) and saggital (B) sections of 100 microns thickness showing large (1 mA for 30 sec) lateral 
hypothalamic lesions. Photomicrographs have been magnified approximately 10 (A) and 7.5 (B) 


snout encountered the vertical end of a blind alleyway (20 cm 
high and 50 cm long), three animals showed a vertical tactile 
scan followed by rearing and jumping to the top of the wall of 
the alleyway. When placed in a corner formed by two Plexi- 
glas walls (20 cm high and 44 cm long) [50], some of the 
animals did not arrest their forward locomotion when they 
encountered the apex, but instead pushed forward so vigor- 
ously that the entire corner assembly, weighing 735 g, was 


moved forward in front of the animal. When the corner as- 
sembly was pushed against a wall (i.e., no further forward 
movement was possible), two animals reared halfway up the 
wall of the corner, placed their forelimbs on the Plexiglas, 
and continued to step using the hindlimbs (obstinate pro- 
gression?). Thus, unlike the locomotion released by atropine 
in 6-OHDA-treated rats [53], the methysergide-induced 
locomotion was not inhibited by frontal (vertical surface) or 
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TABLE 1 


EFFECTS OF METHYSERGIDE (45 mg/kg) ON FORWARD LOCOMOTION IN LATERAL 
HYPOTHALAMIC RATS 





Latency 
Animal Postoperative Preinjection Step Postinjection Step to Walk 
No. Days Count (30 min) Count (30 min) (min) 





203 
199 
407 
875 
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287 
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*In most cases, animals, were injected only once. However, four rats marked with an 
asterisk were injected twice (once on day 1, 2, or 3 and again on day 3, 4, or 5). Data from the 
second injection of these rats were not included in the statistical analysis. Long-recovered 
rats (days 67-112) were not included in the analysis. All but two long-recovered rats were 
injected 2-3 times. 
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FIG. 2. Preinjection posture and postinjection forward locomotion 
of lateral hypothalamic rats treated with 45 mg/kg methysergide on 
postoperative day | or 5. Prior to methysergide, the day | rat was 
completely akinetic while the day 5 rat had recovered locomotion. 
Following the drug, the day 1 rat crawls forward without postural 
support. The locomotion of the day 5 rat is also significantly in- 
creased, but is integrated with postural support, which had re- 
covered spontaneously by that time (see text for further details). In 
this and the other figures, all drawings are actual tracings from indi- 
vidual movie frames. 


bilateral (corner) snout contact. Also, unlike atropine- 
released locomotion, it was not inhibited by bilateral contact 
of the torso and flanks with surfaces. For instance, some of 
these rats (n=4) were able to force themselves through a 
narrow ““doorway’’ formed by two Plexiglas walls placed 
only 5 cm apart. In some animals, the locomotion elicited by 
methysergide was so persistent that, when lightly restrained 
by holding the tail, they continued to step in place on the 
smooth Plexiglas surface, taking up to 134 steps in | min. 
Such restraint caused the animals to step faster, eliciting a 
more normal form of participation of the forelimbs in step- 
ping. 

During the course of the drug’s action, most animals re- 
cruited enough postural support to integrate the forelimbs 
more normally in stepping, and to lift the snout very slightly 
above the substrate. Some further degree of postural support 
usually returned, but the distribution was quite abnormal. 
Thus, hindleg support appeared first, and the animals moved 
forward with very little support in the head and forelegs. As 


FIG. 3. A previously akinetic lateral hypothalamic rat (postopera- 
tive day 1) crawls forward following 45 mg/kg methysergide (photo- 
graphed from below the transparent Plexiglas floor). The hindlimbs 
drive the body forward, and the forelimbs are not used in stepping 
until they are bent backward to an exaggerated degree. 


the drug effect abated, periods of forward locomotion were 
interspersed with progressively longer periods of akinesia. 
Finally, usually after about an hour, the animals again be- 
came completely akinetic. 

To get another view of this abnormal locomotion, we 
placed six animals on a Plexiglas surface and filmed from 
below. We observed more clearly that the locomotion ap- 
peared to originate in the hindlimbs. As the hindlimbs drove 
the body forward, the snout had so little support that the 
lower lip was dragged backwards, the incisors scraping the 
Plexiglas. The forelimbs were often passively dragged back- 
wards under the torso, and were not corrected for stepping 
until they had been bent backward to an exaggerated degree 
(Fig. 3). Six of the animals were grasped under the shoulders 
and held vertically in the air. They did not struggle, and 
continued to produce rhythmic hindleg stepping movements. 





Day 1 post LH lesion 
Methysergide 45mg/kg 





FIG. 4. Top: Following 45 mg/kg of methysergide on postoperative 
day 1, a previously akinetic lateral hypothalamic rat drives forward 
using the hindlimbs and pushes a cart over 150 cm. Bottom: When 
the hindlimbs are placed on the cart, the animal does not move 
forward. 


This procedure did not elicit forelimb stepping. Similarly, 
when the forelimbs were draped over a moveable toy cart 
(Fisher-Price toys, catalog number 125; Fig. 4), three 
animals on postoperative day | were able to push the cart 
over 150 cm (the limit of our horizontal surface) using only 
the hindlimbs. When the hindquarters were placed on the 
cart, however, the animals did not move forward (Fig. 4e). 
The elevation and support of the hindlimbs and hindquarters 
provided by the cart were sufficient to immobilize these 
animals; without the cart, with all four limbs and torso on the 
level horizontal surface, however, they walked forward. 
This phenomenon deserves more careful analysis, but it 
shows clearly that the forward locomotion released by 
methysergide at this early stage of recovery did not require 
forelimb participation. 

Prior to methysergide, supine lateral hypothalamic rats 
(n=S) righted themselves to a prone position by lateral rota- 
tion in the air and on the ground. In a prone position on the 
ground, however, they were completely akinetic. Following 
methysergide, when placed supine on a table and released, 
all rats tested (n=5) no longer righted themselves by a lateral 
rotation of the head and shoulders (asymmetrical reflex) as 
do normal rats. Instead, they ventroflexed the head into a 
nearly prone position, keeping it in the midline and, bringing 
the snout toward the tail, rolled forward to a prone position 
(n=2). This movement was frequently incomplete so three of 
the rats righted only the head and did not achieve a prone 
position. Thus, some methysergide-treated lateral hypotha- 
lamic rats showed an exaggerated tonic labyrinthine righting 
reflex that appeared to prevent the asymmetrical (lateral ro- 
tation) reflex that would normally be seen. A similar but 
much more exaggerated form of tonic labyrinthine head 
righting has been observed in rats with lesions of the pontine 
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reticular formation [59], the nucleus reticularis tegmenti 
pontis [12], and the median raphe (personal observations). In 
this form, the head, and sometimes not the body, rights from 
supine to prone by a midline ventral tuck rather than the 
head and body being righted together by lateral rotation of 
the shoulder and pelvic girdles. 

By postoperative day 5, most lateral hypothalamic 
animals had recovered postural support, head scanning and 
the ability to walk forward spontaneously, without prior drug 
treatment (Fig. 2g). In these, methysergide also increased 
the number of steps taken as much as 150 fold (Table 1). 

The form of the locomotion elicited on day 5 differed from 
that seen on day |. By day 5, some animals had not yet 
recovered full postural support, the amount being greater in 
the forelimbs than in the hindlimbs [25]. Shortly after injec- 
tion of methysergide, these rats recruited support of all four 
limbs, thus showing a very rapid improvement in hindlimb 
support. Later in the drug action, however, forelimb support 
decreased. Those rats that had good preinjection postural 
support in both fore- and hindlimbs also showed the decre- 
ment in forelimb support following methysergide. The de- 
crease in forelimb support was coupled with exaggerated 
support and exaggerated lifting of the hindlimbs during 
stepping, so that the hindquarters were often elevated with 
respect to the forequarters (Fig. 2h-l). In those rats that had 
recovered spontaneous lateral head scanning, methysergide 
appeared to abolish it, so that there was only pure forward 
locomotion without interspersed lateral head scans. How- 
ever, because most day 5 animals had good postural support, 
this form of walking seemed more normal and integrated 
than the “‘crawling’’ locomotion seen on day |. 

The effects of methysergide on the size and quantity of 
the steps also reflected the progress of recovery from the 
lesions. Rats injected on day 5 often moved further forward 
than day | animals during each step cycle (Fig. 2 b-f vs h-l), 
and covered greater distances in the open field. For example, 
two of the most active day 5 animals walked an average 
distance of approximately 30 m in the first 15 min postinjec- 
tion, while the two most active day | rats averaged 7 m in 
that time. 

In all methysergide-treated rats, we noted an average re- 
duction of 2°C in rectal temperature. We placed two undrugged 
akinetic lateral hypothalamic rats in cold water (15°C), 
lowering their temperatures 2°C. They did not walk forward 
when removed from the water, suggesting that lowered body 
temperature alone is not sufficient to induce the walking re- 
leased by methysergide. 


Methysergide: Late Recovery 


We also tested methysergide on recovered lateral hypo- 
thalamic rats ranging from 67-113 days postoperatively 
(n=8). Methysergide generally increased the number of steps 
taken (Table 1). One notable animal increased from a pretest 
step count of 130 to a posttest step count of over 3000. Inter- 
estingly, the two recovered lateral hypothalamic rats that 
showed a decrement in forward locomotion following 
methysergide were the most kinetic (and presumably the 
most recovered) prior to the drug. We have noted a similar 
decrement in forward locomotion in normal rats treated with 
methysergide (45 mg/kg, IP; n=4). They took fewer steps, 
intermittently suspending their locomotion and losing sup- 
port in the open field for periods of a few seconds to nearly 
30 min. 

Early in recovery after lateral hypothalamic lesions, all 
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TABLE 2 
EFFECTS OF ATROPINE (50 mg/kg) ON FORWARD LOCOMOTION IN LATERAL HYPOTHALAMIC RATS 
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Step Count 
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No. Days 
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*Animals marked with an asterisk had no previous drug treatments. All others had been tested previously using atropine or methysergide. 
*Indicates a 10 minute pretest. All other tests were 30 minutes in duration. 


locomotion is abolished, including the ability to back up [25]. 
Since methysergide decreased several components of normal 
locomotion, such as lateral head scanning and upward rear- 
ing without contact with surfaces, we investigated whether it 
might actually prevent backing up in long-recovered rats that 
had regained the ability to do so. It did not. Rats able to back 
out of a narrow ‘‘tunnel’’ (formed by inserting a Plexiglas 
‘roof’ through slits in a blind alleyway; see [50]) were also 
able to do so following methysergide. 

In some long-recovered rats (n=3), methysergide 
produced an interesting phenomenon reminiscent of day | 
behavior in the open field. As the drug took effect, frontal or 
bilateral snout contact (in a corner of the square open field) 
would occasionally induce a prolonged (4-7 min) shut-down 
of forward locomotion and loss of postural support. From 
this state of arrest (akinesia) without support, the animals 
sometimes began moving again by crawling forward without 
support, the locomotion originating in the hindlimbs. Then 
they gained greater hindlimb support, stepped forward, re- 
covered support in the forelegs and walked faster and faster 
until they eventually ran and even galloped (bilaterally syn- 
chronous hindlimb gait). Such forward running resembled 
somewhat the festination seen in rats after lesions of the 
nucleus reticularis tegmenti pontis [12]. However, unlike 
such festinating animals, lateral hypothalamic rats released 


by methysergide were able to inhibit their locomotion so that 
they did not collide with the walls of the field. 


Atropine: Days 1-30 


In rats made akinetic by intraventricular 6-OHDA, at- 
ropine reverses akinesia by about postoperative day 10 
[53,54]. However, it did not release forward locomotion in 
akinetic lateral hypothalamic rats (Table 2). On day 1, in 
contrast to methysergide, atropine did not release any 
locomotion. Later, when some locomotion had recovered, 
many lateral hypothalamic rats took fewer steps following 
atropine than prior to the drug. However, normal saline (1 
cc/kg, IP) also decreased locomotion in recovering lateral 
hypothalamic rats (postoperative days 1-10; n=6; see Table 
3), sO we cannot yet conclude that atropine actually di- 
minished partially recovered kinesia. By about postoperative 
day 27, however, atropine began to facilitate locomotion in 
some animals (Table 2), suggesting that a cholinergic inhibi- 
tory system may become active later in recovery. 

Whenever a normal atropinized rat halts for sometime in 
its locomotion, it loses postural support [50]. Three akinetic 
lateral hypothalamic rats that had recovered only postural 
support lost all support within 10 min following the injection 
of atropine (Fig. 5). Atropinized akinetic lateral hypotha- 
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EFFECTS OF SALINE (1 cc/kg) ON STEPPING IN LATERAL 
HYPOTHALAMIC RATS 





Postinjection 
Step Count 


Preinjection 
Step Count* 


Animal Postoperative 
No. Days 





89 


89 


85 
82 
85 
86 
87 
82 
84 
86 
87 
82 
84 
86 
87 
82 
84 
86 
87 
82 
84 
86 
87 
82 
84 
86 
87 


AaAuaAt & PWN NS 


IDHBDRDDMN 


On 


Ps 
OADWANOAHA HA — CO O 


w 
an 


10 
10 
10 
10 
10 





*All Step Counts were 30 min in duration. 


lamic rats displayed lateral head scanning along the floor, but 
without the forward locomotion that remains intact in normal 
atropinized animals [50]. Furthermore, although such at- 
ropinized lateral hypothalamic animals did not show in- 
creased forward locomotion until day 27, they frequently 
took several steps backward in the open field. The backward 
stepping appeared to be in response to an exaggerated ven- 
tral tuck of the head toward the abdomen which required 
postural adjustment backward in order to retain balance. 
However, none of the animals actually fell backward. In one 
case, the backward stepping was quite striking, since the 
animal took over 250 such steps in a 5 min period. Since 
lateral hypothalamic animals typically do not back up early 
in recovery, this phenomenon should be analyzed further. 
The form of backing seen in the open field may be quite 
different from that required to escape from a tunnel. Differ- 
ent forms of backing up may thus become important in the 
analysis of fractional forms of locomotion. 
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Day 1 post LH lesion 


Pre-drug 





Post-Atropine SO., 50mg/kg 





FIG. 5. Top: An akinetic lateral hypothalamic rat on postoperative 
day 1. Prior to drug treatment, the animal has good postural support. 
Bottom: 10 min following 50 mg/kg atropine sulfate, the animal loses 
all postural support. 


Apomorphine: Days 1-2 


The specificity of methysergide and other antiserotoner- 
gics for serotonin receptors has been disputed [4, 29, 60]. It 
may exert a weak agonistic action on dopamine systems 
[17,44]. To determine whether the methysergide-induced re- 
lease of locomotion might be due to agonistic effects on 
dopamine systems, we injected 12 akinetic lateral hypotha- 
lamic rats intraperitoneally with varying doses of apomor- 
phine HCI on postoperative days 1-2. Four lesion sizes were 
used to examine the potential for apomorphine to reverse 
akinesia. 

Rats with the same size lesion as day | methysergide- 
treated rats (1 mA for 30 sec) showed virtually no response 
to a large dose of apomorphine (10 mg/kg; Table 4). They did 
not walk forward and did not pivot later as do normal rats 
treated with apomorphine [62]. Rats with smaller lesions (1 
mA for 24 or 25 sec; n=5) took 2-15 forward steps following 
apomorphine. With the smallest lesion size used (1 mA for 20 
sec; n=5), one rat took 30 steps, and the other four remained 
akinetic. (In some animals, apomorphine produced moderate 
amounts of repetitive sniffing and licking, and increased re- 
activity to touch and noise.) 

The few steps taken by apomorphine-treated lateral hypo- 
thalamic rats appeared more normal than those produced by 
methysergide. The hindlimbs stepped forward one past the 
other (our definition of hindlimb stepping), but they were not 
lifted to an exaggerated degree and the forelimbs did not 
show a decrement in support, so the hindquarters were not 
elevated above the forequarters. Furthermore, although 
apomorphine did not elicit actual pivoting in these rats (see 
[25] for an analysis and description of pivoting), it did elicit 
grooming movements that resulted in a few 360° rotations in 
six of the 12 animals. These rats turned the head and upper 
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TABLE 4 
EFFECTS OF APOMORPHINE ON FORWARD LOCOMOTION IN LATERAL HYPOTHALAMIC RATS 
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Pre- and postinjection step counts were 30 min in duration. Animals marked with an asterisk had 
previously been treated with atropine, methysergide or apomorphine. 


torso to the flank in a grooming movement (e.g., the snout 
contacted the fur). Then the hindlimbs were posturally ad- 
justed to follow the head and upper torso; the limb ipsilateral 
to the direction of the turn moved backward, while the con- 
tralateral limb moved forward. This sequence was repeated 
for up to an hour, usually with very slow movements and 
long intervals between sequences, leading to 4-13 360° rota- 
tions. None of these actions throughout the dose range of 
apomorphine duplicated the action of methysergide in induc- 
ing forward locomotion in akinetic lateral hypothalamic rats. 
Therefore, we conclude that methysergide-released locomo- 
tion is not induced via agonistic action on dopamine systems. 


Clonidine, Phentolamine: Days 1-2 


Because an antagonistic relationship between central 
serotonin and norepinephrine has been postulated ([8], see 
[48] for a review), we also tested whether methysergide 
might exert its effects by agonistic action on noradrenergic 
systems. Clonidine HCI in dosages of 0.05, 0.5, 3, and 5 
mg/kg (n=4) did not release locomotion in akinetic lateral 
hypothalamic rats tested on postoperative days | or 2 (lesion 
size | mA for 20-30 sec). Clonidine abolished postural sup- 
port, righting, and clinging, and produced marked exoph- 
thalmia [3]. Rats treated with the three highest dosages died 
within 24 hr. 

Since methysergide may have an antagonistic effect on 
noradrenergic systems [9], we also tested phentolamine (15 
mg/kg; n=2) on akinetic, lateral hypothalamic rats. Phen- 
tolamine did not reverse akinesia, nor did it produce any 
observable changes during a 1.5 hr postinjection period other 
than a 1.5°C drop in rectal temperature. 


Other Putative Serotonin Antagonists 
Neither cyproheptadine HCl (5, 10, 20, 60, 90, 120 mg/kg; 


n=6) nor cinanserin HCI (5, 10, 15, 30, 50 mg/kg; n=5) re- 
leased locomotion in akinetic lateral hypothalamic rats 


tested on postoperative days | or 2. At higher doses, both 
drugs slowed righting, and all doses were accompanied by 
some reduction in rectal temperature (0.5-2°C). However, 
the antiserotonergic drug metergoline HCI did reverse 
akinesia in three lateral hypothalamic rats tested on postop- 
erative day |. Prior to the drug, all three rats were com- 
pletely akinetic, and took no steps during the 30 min prein- 
jection step count. Twenty to 30 min after 5 (n=2) or 2 (n=1) 
mg/kg metergoline, they showed a fractional form of 
locomotion resembling that released by methysergide 
(postinjection step count scores were 75 and 33 for the 5 
mg/kg dose and 18 for the 2 mg/kg dose). However, 
metergoline reduced body temperature as much as 4°C, and 
elicited shivering, which may have interfered with forward 
locomotion (see Discussion). 


DISCUSSION 


In dealing with deficit phenomena resulting from lesions 
in the nervous system, the simplest approach is to think in 
terms of the nature of the excitatory system whose action 
has been impaired. Thus, in the treatment of parkinsonian 
akinesia, dopamine deficiency related to damage in the ni- 
grostriatal system [26] can be counteracted by ingestion of 
L-DOPA [16], which is therefore the therapeutic drug of 
choice. However, in the normal adult brain, as implied in 
Sherrington’s concept of the final common path [57], every 
behavior pattern is the result of a complex, delicate balance 
of mutually inhibitory control mechanisms. Whenever dam- 
age occurs, therefore, the resulting deficit is due not simply 
to the loss of excitatory influences, but also to the excessive 
unchecked action of intact systems which act to inhibit the 
influence of the damaged system, clamping down upon its 
already feeble action. (This is a converse variation of Hugh- 
lings Jackson’s [27] famous description of release 
phenomena. The basic phenomenon of release of excessive 
inhibition in exaggerating the loss of arm movement after 
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cortical damage was demonstrated in the monkey by Sher- 
rington [57].) 

This phenomenon has long been recognized in the treat- 
ment of parkinsonian akinesia. Atropine, which blocks 
cholinergic systems, was the earliest drug therapy for par- 
kinsonism [31]. Anticholinergic drugs combined with 
L-DOPA enhance its action and form the basis of current 
medical therapy for parkinsonism [11]. Thus, an antagonis- 
tic cholinergic-dopaminergic balance in the control of 
movement has been proposed [7,21], and strong clinical evi- 
dence for such a view has been obtained [21]. 

Two major problems remain, however, which go hand in 
hand. First, our understanding of the behaviors subsumed 
under the term kinesia, and therefore, of its aberrations 
akinesia and hyperkinesia, is still very incomplete. We be- 
lieve that this is partly due to the conception of activity as a 
global, unitary phenomenon [54]. We need to break the phe- 
nomenon of kinesia into its behavioral subcomponents, 
whose isolated action or simplified interaction may represent 
the clinical aberrations we seek to understand [63]. Second, 
and correspondingly, we need to know the neural transmit- 
ters involved in those movement subsystems, in order to 
provide drugs whose action can excite or inhibit them in a 
more effective, more balanced therapy. 

Our finding that methysergide can release locomotion in 
the akinetic lateral hypothalamic rat is important from both 
points of view. Firstly, it supports the idea that dopamine- 
deficiency akinesia is in large part due to the released exces- 
sive action of intact inhibitory systems. In addition to the 
cholinergic inhibitory action on locomotion shown earlier by 
us in 6-OHDA-treated, catecholamine-depleted rats [53], 
such akinesia may be due in part to release of intact inhibi- 
tory serotonergic systems (this rests on the tentative as- 
sumption, which merits further investigation, that 
methysergide in the dose we used exerts its effects on 
locomotion primarily by blocking serotonin receptors). 
Some attempts have been made to explore the value of 
serotonin antagonists in parkinsonism, but the effects have 
not been powerful and controversy exists as to their clinical 
value [32]. Indeed, the hypokinesia that results from elec- 
trolytic lateral hypothalamic damage has been attributed to 
disruption of serotonergic fibers in the lateral hypothalamus 
[56]. If methysergide is a selective serotonin blocker, our 
results do not support this view. Methysergide releases vig- 
orous forward locomotion in parkinson-like, completely 
akinetic, lateral hypothalamic-damaged rats. We believe, 
therefore, that serotonin antagonists may eventually prove 
fruitful clinically and should be examined more carefully for 
potentially beneficial effects in patients suffering from var- 
ious forms of parkinsonism. 

Secondly, the form of the locomotion released by 
methysergide is different from that released by atropine. 
Therefore, there are at least two separate neural systems, 
one cholinergic and the other presumably serotonergic, 
which interact in the clamp-down on locomotion that exists in 
dopamine-deficiency akinesia. Very early in recovery after 
extensive electrolytic lateral hypothalamic partial transec- 
tion, akinesia is mixed with somnolence (support is lacking, 
the eyes are closed, the animal may not right itself in the air, 
and the cortical EEG is persistently slow [18,58]). During 
this period, as shown here, methysergide releases pure for- 
ward locomotion without postural support; the animals crawl 
straight forward without head scanning, head orienting or 
mouthing. Therefore, forward locomotion can exist physi- 
cally in a fractional form, isolated from postural support and 
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the other movement subsystems that our group has demon- 
strated earlier [25, 63, 68]. Such methysergide-elicited 
pure forward locomotion (also demonstrated in unpublished 
work by us in 6-OHDA-treated rats), obeys different laws 
from that released by atropine in 6-OHDA-treated rats. In its 
full-blown form, it is not inhibited by frontal or bilateral light 
snout contact. The animal seems to be propelled forward by 
its hindlegs, not drawn forward by its snout. Although more 
extensive analysis and comparison of these two separate 
fractional forms of forward locomotion is required, our ex- 
periments show clearly that at least in the very early period 
of lateral hypothalamic recovery, the hindlegs, not the front 
legs, are released by methysergide and drive the otherwise 
akinetic animal forward. When viewed from below, the front 
legs clearly lag behind the hindlegs, being bent backward to 
an extreme degree before they step forward, in apparent 
postural adjustment to their displacement as the animal’s 
body is pushed forward by the hindlegs. When the forelegs 
are placed on a little cart (see Fig. 4), the hindlegs continue 
to drive the animal forward, without involving any foreleg 
stepping. Conversely, when the front legs are on the ground 
and the hindlegs are supported by the cart, no forward 
locomotion is present. This is a very complex phenome- 
non—we still do not know why hindleg stepping is com- 
pletely inhibited when the hindlegs and pelvis are supported 
by the cart in a raised position relative to the head and 
forelegs. 

However, one simple point is now clear: early in lateral 
hypothalamic recovery, during methysergide-released for- 
ward locomotion, the hindlegs alone can drive the animal 
forward without any forelimb participation. Grasping the 
animal lightly by the tail, however, does produce a more 
vigorous, more coordinated form of locomotion, involving 
more active foreleg participation as well. Therefore, the 
forelegs can be recruited into methysergide-released forward 
locomotion, though they do not appear to be directly stimu- 
lated early in recovery. Later in the drug’s action hindleg 
support appears, independently of support of the head, 
forelimbs, or upper torso. Indeed, later in recovery, for in- 
stance on day 5, when postural support in all four limbs and 
head scanning have recovered, exaggerated hindleg support 
and exaggerated lifting of the hindlegs in large steps also 
appears, while support of the forequarters is diminished, so 
that the hindquarters are much elevated with respect to the 
forequarters as the animal walks or even runs straight for- 
ward. If its snout meets an obstacle head-on, such as a verti- 
cal wall or corner, the animal shows an upward tactile head 
scan, also elevating its torso on its hindlegs. 

All this is essentially the opposite of what is seen in 
the forward locomotion released by atropine in 6-OHDA- 
treated, catecholamine-depleted rats. The latter ani- 
mals shuffle forward with small hindleg steps, with di- 
minished hindleg support relative to their front legs. Their 
locomotion is dominated by the lateral and forward scanning 
action of the snout along the floor, so that postural support 
and forward locomotion in them are completely shut down 
by bilateral or frontal light snout contact. Both forms of 
fractional forward locomotion are different and may be 
complementary, thus identifying a correspondingly separate 
complementary action of the cholinergic and presumed 
serotonergic neural subsystems inhibiting locomotion. 

Many questions remain unanswered and more extensive 
experiments are required before our findings can be more 
fully interpreted. Why does atropine release locomotion in 
6-OHDA-treated rats, but not in rats made akinetic by ex- 
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tensive lateral hypothalamic electrolytic lesions, when the 
akinesia in both is presumably due to dopamine deficiency? 
Marshall and Ungerstedt [40] have suggested that electro- 
lytic lateral hypothalamic lesions may destroy not only ascend- 
ing nigrostriatal dopamine systems, but also striatal/pallidal 
efferent fibers essential for activating locomotion. Perhaps 
so, and the effects of atropine on animals made akinetic by 
local lateral hypothalamic application of 6-OHDA should be 
examined to answer this question. But if these striatal/palli- 
dal efferents are destroyed by extensive electrolytic lateral 
hypthalamic damage, then methysergide may exert its releas- 
ing effect somewhere further caudal in the system. In recent 
work, Cheng, Schallert, De Ryck and Teitelbaum [12] have 
shown that dopamine-deficiency akinesia (i.e., total lack of 
locomotion induced by haloperidol) can be completely re- 
versed by localized lesions in the nucleus reticularis tegmenti 
pontis (NRTP). They suggest that the region including this 
nucleus forms a part of a final common inhibitory pathway 
through whose action locomotion is excessively inhibited 
after dopamine depletion or blockade. Methysergide might 
therefore act on this part of the neural system that inhibits 
locomotion. The NRTP has been found to contain serotonin 
[46]. Indeed, after partial recovery from NRTP damage, 
methysergide or metergoline can reinstate the disinhibited 
form of galloping festination seen earlier postoperatively in 
such animals (Chesire, Cheng and Teitelbaum, unpublished 
results). Alternatively, or in addition, methysergide may act 
on spinal mechanisms [6,15]. 

Can we be sure that methysergide releases locomotion in 
lateral hypothalamic-damaged rats purely by its antiseroto- 
nergic action? Some neurochemial evidence suggests that 
methysergide may have agonistic effects on dopaminergic 
and noradrenergic systems ([44,48] for a review). If 


methysergide’s action here was dopaminergic, apomorphine, 


a direct dopamine receptor agonist, should release locomo- 
tion in our lateral hypothalamic-damaged akinetic rats. 
Apomorphine (10 mg/kg) can cause marked increases in ac- 
tivity in normal rats [62], reserpinized mice (3 or 10 mg/kg) 
[3], aged rats (0.25, 0.5, or 2 mg/kg) [37], and rats made 
akinetic by local bilateral lateral hypothalamic 6-OHDA le- 
sions of ascending dopamine pathways (1 mg/kg) [10]. How- 
ever, in our rats, made akinetic by large lateral hypothalamic 
electrolytic partial transection, apomorphine (0.05, 1, 2, 5 or 
10 mg/kg) did not release locomotion on day 1, when 
methysergide clearly did so. Apomorphine only elicited 
postural adjustments of the hindlimbs that resulted in 4 to 13 
360° rotations in a 30 min period, and occasional repetitive 
sniffing and licking of the floor (n=6). Similarly, clonidine, a 
specific noradrenergic receptor agonist (0.05, 0.5, 3, or 5 
mg/kg), did not release locomotion; it merely caused the 
animals to lose postural support and righting, supporting 
earlier findings by others that clonidine alone does not re- 
verse reserpine-induced akinesia [3]. Because we have not 
been able to demonstrate a releasing effect of clonidine or 
apomorphine in our animals, we do not believe that 
methysergide releases locomotion via an agonistic effect on 
noradrenergic or dopaminergic systems. 

A growing body of evidence suggests that methysergide 
acts centrally as a serotonin antagonist [30, 42, 45, 47]. It is 
found in the brain after intravenous injection [20]. Chronic 
pretreatment with methysergide can produce behavioral 
supersensitivity to 5-hydroxytryptophan [33]. Suckling in 
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non-deprived post weaning young rats can be released by 
methysergide or metergoline (another serotonin antagonist), 
whereas suckling in deprived rat pups can be inhibited by 
quipazine (a serotonin agonist) [43]. Similarly, 5- 
HTP-induced myoclonus is antagonized by methysergide, 
but not by dopaminergic, cholinergic, or adrenergic blocking 
agents [33]. However, if methysergide’s action in releasing 
locomotion in our animals is by blocking serotonin centrally, 
other serotonin antagonists should also do so. It is therefore 
troubling that two other presumed antiserotonergic drugs, 
cyproheptadine (5S—120 mg/kg) and cinanserin (S—SO mg/kg), 
did not reverse akinesia in our animals. However, the failure 
of cyproheptadine in reversing akinesia may be due, in part, 
to a predominant anticholinergic action of this drug [69]. As 
described above, metergoline (2 or 5 mg/kg) released 
methysergide-like hindlimb stepping movements and frac- 
tional forward locomotion in akinetic lateral hypothalamic 
rats (n=3). (Metergoline also produced shivering in some of 
our animals, which seemed to interfere with forward 
locomotion. We are currently investigating a wider range of 
doses of this drug.) Conversely, if methysergide is acting 
antiserotonergically, then its release of locomotion should be 
blocked by serotonin agonists (in progress). 

Serotonergic and antiserotonergic drugs should be ex- 
plored further, particularly in rats made akinetic by 6-OHDA 
intraventricularly. We believe this preparation may be more 
sensitive to drug action, and may reveal effects too weak to 
be seen in lateral hypothalamic-damaged rats. Indeed, since 
both atropine [53] and methysergide each release a separate 
fractional form of locomotion in 6-OHDA-treated, 
catecholamine-depleted rats (Chesire & Teitelbaum, unpub- 
lished results), it should be possible to examine their in- 
teraction directly in such animals. If the combination of the 
two fails to restore full normality of locomotion, whereas 
L-DOPA does, additional inhibitory systems, perhaps 
noradrenergic [5,54], should be suspected. 

Finally, the fractional form of forward locomotion that we 
have physically isolated, without postural support, head 
scanning, or head-orienting, provides further confirmation 
that the concept of movement subsystems [25, 63, 68] is a 
fruitful tool in the analysis of brain-damage or drug-induced 
akinesia [25, 53, 54], catalepsy [19, 49, 51, 52], locomotion 
[62,63], and stereotypy [50]. Based on the parallel between 
development and recovery [13,67], movement subsystems 
are beginning also to prove useful in understanding some 
behavioral phenomena in normal infants [24,68]. The behav- 
ioral fractionation into movement subsystems may prove 
helpful, as well, in the understanding of human movement 
disorders such as parkinsonism. 
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TSUDA, A., M. TANAKA, T. NISHIKAWA, K. ITMORI, Y. HOAKI, Y. IDA, R. NAKAGAWA, Y. KOHNO ANDN. 
NAGASAKI. Influence of feeding situation on stomach ulcers and organ weights in rats in the activity-stress ulcer 
paradigm. PHYSIOL. BEHAV. 28(2) 349-352, 1982.—Rats housed in running wheel activity cages except for | hr each 
day, during which time they were fed in their home cages, revealed more stomach ulceration, a higher level of brain 
MHPG-SO,, and larger weight changes in the thymus, spleen and adrenal gland, compared to rats housed in running-wheel 
activity cages and fed | hr daily in those same cages. Rats in the latter group showed more stress pathology than did control 
rats which were housed in standard home cages but which received the same restricted (1 hr per day) feeding schedule. 
These results did not support the idea that excessive running might occur in response to certain motivational states (e.g., 
frustration due to restricted feeding). The data suggested that feeding activity-stress rats in their home cages might 
aggravate the development of stomach ulcers coincident with the organ weight changes and the enhancement of norad- 


renaline turnover in the brain. 


Activity-stress ulcer Restricted feeding 


noradrenaline turnover 


Thymus-spleen-adrenal gland weights 





ONE physiological change which can be found in various 
stressful situations is the development of ulceration of the 
stomach ([{3, 10, 15] for reviews). In Pare and Houser’s [11] 
activity-stress technique, rats are housed in running-wheel 
activity cages and fed | hr daily. These animals exhibit ex- 
cessive running and subsequently die revealing large 
stomach ulcers. Paré [9] and Tsuda et a/. [14] found that rats 
demonstrating high running activity levels under restricted 
feeding conditions revealed a high incidence of lesions as 
compared to low activity rats. The question remains, how- 
ever, why do animals exhibit excessive running activity 
when this activity has such detrimental consequences? Is it 
possible that running may be elicited in response to certain 
motivational states such as frustration in response to re- 
stricted feeding? According to Amsell [1], a situation where 
reward had been present but is now no longer present, may 
elicit a response that Amsell calls ‘‘frustration.’’ The critical 
assumption of frustration theory is that frustration not 
only increases the vigor of the response, but also leads to 
response persistence. If this is true, the operation of with- 
drawing food from the running-wheel activity cage may ini- 
tiate the internal aversive state of frustration which would 
subsequently trigger running behavior. 

In the present study, an attempt was made to reduce the 
level of running activity, and consequently, the incidence of 
activity-stress ulcer, by mitigating the frustration effect and 
allowing activity animals to have their | hr feeding period in 


Feeding situation Brain 


their original colony home cages (home cage-fed group). A 
second group of activity-stress rats was restricted to the 
wheels during the daily 1-hr feeding period (activity 
chamber-fed group). 


METHOD 
Animals and Apparatus 


Subjects consisted of 60 male Wistar-strain rats (160-200 
g) before the start of the experiment. 

Experimental activity rats were housed in running-wheel 
activity cages. Each activity wheel consisted of wire mesh 
drums of 10.5 cm in width and 32.5 cm in diameter and was 
equipped with an adjoining chamber measuring 32x 12.5 16 
cm. A wheel revolution was recorded for each cage by digital 
counters. Control rats were individually housed in standard 
home cages measuring 281518 cm. Both running-wheel 
activity cages and home cages were located in the same room 
which was maintained at a constant temperature (24+ 1°C) 
and exposed to a 12:12 (from 0700 to 1900 hr) light-dark 
regimen. 


Procedure 


Rats were randomly divided into the following three 
groups: (1) activity chamber-fed group (n=20)—rats were 
individually housed and fed in running-wheel activity cages 
from the beginning to the end of the experiment; (2) home 
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TSUDA ET AL 


TABLE | 


SUMMARY OF STOMACH PATHOLOGY AND MEAN (+S.E.) NA AND MHPG-SO, LEVELS FOR THE 
THREE TREATMENT GROUPS 





Number Rats 
of with 


Treatment Subjects Ulcers 


Mean (+SE) Level Level 
Ulcers of of 
per Rat NA MHPG-SO, 





Activity Chamber-Fed 20 
Home Cage-Fed 20 
Control 20 


137.8 + 8.2 
149.0 + 8.5 
105.6 + 4.1 


352.7+ 9.3 
335.9 + 19.1 
346.0 + 10.1 





cage-fed group (n=20} rats were individually housed in 
colony home cages during the habituation phase, subse- 
quently placed in the running-wheel activity cages but re- 
turned to colony home cages for the daily 1 hr feeding 
periods; (3) control group (n=20)}—rats remained and were 
fed in their single home cages. 

The first phase of the study was a 4-day habituation phase 
which allowed all rats to have continuous access to food and 
water in their assigned environments. The doors in the ac- 
tivity cages were closed, thereby preventing activity 


chamber-fed rats from entering into the wheel portion of the 
activity cages. On the fifth day, food was withdrawn from all 
rats at 1000 hr and the doors to the running wheels were 
opened, thereby allowing the activity chamber-fed rats ac- 
cess to the running-wheel. At 1000 hr on the same day, home 
cage-fed rats were removed from the colony home cages and 
placed in the activity cages. On the sixth day, and all subse- 


quent days, all rats were fed for 1 hr between 1000 hr and 
1100 hr. Activity chamber-fed and control rats were fed in 
activity cages and home cages, respectively. 

Home cage-fed rats were transferred to their colony home 
cages to feed and were returned to their activity cages at the 
end of a | hr daily restricted feeding period. Body weight was 
recorded daily for all rats, as well as the number of wheel 
revolutions for the two activity groups. 

On the eleventh day, the experiment was terminated at 
1100 hr. All animals were sacrificed by decapitation. The 
stomach was immediately removed for inspection and the 
number of ulcers, which was defined as lesion in the surface 
of the mucosa, was counted. The thymus, spleen, and ad- 
renal glands were removed and wet weights were obtained. 
The brain was also removed to measure noradrenaline (NA) 
and its. principal metabolite, 3-methoxy-4-hydroxy- 
phenylethyleneglycol sulfate (MHPG-SO,) contents. These 
samples were kept at —40°C until assayed. The contents of 
NA and MHPG-SO, in the brain except cerebellum were 
simultaneously measured by the fluorometric technique of 
Kohno et al. [5]. 


RESULTS 
Stomach Ulcers and Brain NA and MHPG-SO, Contents 


The summary of stomach pathology and mean levels of 
brain NA and MHPG-SO, for each group are presented in 
Table 1. There was a increasing number of ulcers as the 
incidence of ulcers increased. Analysis of variance of the 
ulcers per rat indicated a _ significant Group effect, 


F(2,57)=12.2, p<0.01. Tukey multiple comparisons 
(a=0.05) of the main effect revealed that home cage-fed rats 
produced significantly more ulcers than did activity 
chamber-fed and control rats. In addition, activity chamber- 
fed rats developed significantly more ulcers as compared to 
the control rats. 

As shown in Table 1, the brain MHPG-SO, contents 
markedly differ among the three groups, F(2,55)=10.1, 
p<0.01. Tukey multiple comparisons (a=0.05) of the main 
effect showed that the brain MHPG-SO, contents of home 
cage-fed and activity chamber-fed rats increased signifi- 
cantly as compared to that of control rats, while the former 
two groups did not differ significantly from each other. 

The brain NA contents decreased slightly in home cage- 
fed rats as compared to activity chamber-fed rats and control 
rats, but significant differences were not obtained. There 
was also no significant group difference in the level of brain 
NA between the activity chamber-fed and control groups. 


Organ Weight and Body Weight 


Table 2 indicates the treatment group means for absolute 
and relative weights of the thymus, spleen and adrenal 
glands. Analyses of difference among treatment groups 
produced significant F-values (p <0.01) for each of these var- 
iables. Tukey multiple comparisons (a=0.05) of all main 
Group effects proved to be significant in each of the com- 
parisons among these three groups. Thus, home cage-fed 
rats showed the most severe adrenal hypertrophy and the 
most severe reduction in thymus and spleen size, with pro- 
gressively smaller differences manifested by activity 
chamber-fed and control rats. 

Correlation coefficients for the number of ulcers and the 
organ weights are shown in Table 3. The number of ulcers 
was significantly correlated with each organ weight variable. 
The significant correlations among each organ weight varia- 
ble were also obtained (p<0.01, f-test). 

Differences in body weight lost for the three groups and 
6-days during the restricted feeding phase were evaluated 
using an analysis of variance design for repeated measures. 
The main Day effect was significant, F(6,339)=52.3, p<0.01. 
Rats in the home cage-fed group (Mean=35.3 g), lost more 
weight than either activity chamber-fed (Mean=29.4 g) or 
control rats (Mean=20.9 g), although the difference between 
the latter two groups was not statistically significant. 

As shown in Table 3, the body weight loss appears to be 
inversely related to organ weights of the thymus and spleen, 
and to be positively related to the number of ulcers and to the 
adrenal gland weight. 





FEEDING SITUATION AND STOMACH ULCER 


TABLE 2 


MEAN (+S.E.) ABSOLUTE (mg) AND RELATIVE (mg/g) ORGAN WEIGHTS IN ADRENAL GLAND, THYMUS AND SPLEEN 
FOR THE THREE TREATMENT GROUPS 





Adrenal Gland Thymus Spleen 


Treatment absolute wt relative wt absolute wt relative wt absolute wt relative wt 





0.23 + 0.02 168.8 + 26.8 1.07 + 0.13 274.0 + 30.7 .77 + 0.14 
0.24 + 0.01 116.3 + 13.9 0.79 + 0.07 207.5 + 23.0 + 0.11 
0.17 + 0.01 241.6 + 15.7 1.53 + 0.08 405.1 + 17.4 .57 + 0.06 


Activity Chamber-Fed 32.6 
Home Cage-Fed 33.4 
Control 26.6 


I+ I+ I+ 





TABLE 3 


PRODUCT MOMENT CORRELATION COEFFICIENTS FOR THE FIRST FIVE VARIABLES 
OBSERVED AMONG THE THREE TREATMENT GROUPS (60 SAMPLES), AND FOR THE 
NUMBER OF WHEEL REVOLUTIONS AND EACH OF THESE STRESS RESPONSES IN THE 

ACTIVITY GROUPS (40 SAMPLES) 





Variable 





. Number of Ulcers 

. Adrenal Glands (absolute wt) 
. Spleen (absolute wt) 

. Thymus (absolute wt) 

. Body Weight Loss (%) 

. Number of Wheel Revolutions 





r(58)=0.345; r(38)=0.403; both p’s<0.01. 





Food Consumption and Wheel Revolutions 


Although the three groups consumed the same amount of 
food during the habituation phase, the 6-days restricted feed- 
ing phase resulted in differences in food consumed. The Day 
main effect and the Group main effect signficantly influenced 
the amount of food consumptions, F(5,342)=16.0, p<0.01; 
F(2,342)=8.3, p<0.01, respectively. Each of activity 
chamber-fed (Mean=4.19 g) and home cage-fed (Mean=4.23 
g) animals ate less food than control rats (Mean=4.98 g) 
(Tukey test, a=0.05). The former two groups did not differ 
significantly from each other. 

As illustrated in Fig. 1, the number of wheel revolutions 
was significantly greater for the home cage-fed rats as com- 
pared to activity chamber-fed rats, F(1,228)=14.5, p<0.01. 
Animals showed a gradual increase in running activity across 
days for the first 5 days, F(S,228)=47.8, p<0.01. The Group 
x Day interaction was also significant, F(5,228)=3.5, 
p<0.01. This interaction effect was due to a drastic drop in 
running activity of home cage-fed rats on day 6. 

Correlation coefficients for the number of wheel revolu- 
tions and the stress response data are also presented in Table 
3. With the exception of the adrenal weight data, there were 
strong correlations between these factors (p<0.01, t-test). 
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. DISCUSSION 
0D Ar’YsS 


Having activity-stress rats feed in their home cages was 
the experimental operation designed to reduce the hypothet- 
ical frustration effect of withdrawing food from the activity 
cages. This manipulation, however, not only failed to de- 


FIG. 1. Mean daily running-activity scores for activity chamber-fed 
(—@-—) and home cage-fed (—O-—) groups for the consecutive 6-days 
period of 1-hr feeding. 





crease the level of running activity, but also failed to allevi- 
ate the incidence of stomach ulcers. Instead, this procedure 
led to findings which are contrary to the preliminary as- 
sumptions of this study. The increase in running activity for 
home cage-fed rats was related to the development of ulcers, 
as well as to a drop in body weight and to atrophy of the 
thymus and spleen. These organ weight changes showed that 
activity-stress can influence the immune process [4]. It is 
also interesting to note that an increase of brain MHPG-SO, 
content was obtained in the home cage-fed rats when com- 
pared to the activity chamber-fed and control rats. This find- 
ing suggests that release of NA from nerve terminals in 
noradrenergic neurons is enhanced in the brain as a result of 
exposure to activity-stress (cf. [7,13]). 

In an earlier study, Paré [8] found that differences in the 
feeding environment for the | hr daily feeding phase did not 
yield differences in terms of stomach ulcers. The present 
data show, however, that the susceptibility to activity-stress 
ulcer can be affected by manipulating the feeding environ- 
ment. The difference between the two studies might depend 
on variations in experimental procedures. Paré did not 
habituate his activity cage feeding rats in the running-wheel 
activity cages before the activity-stress procedure. 

A possible explanation of these data may involve novelty 
stress [12]. The operation of moving the home cage-fed rats 
from their home cages to the new environment of activity 
cages, however, had no effect on food consumption and ac- 
tivity level at the beginning of the experiment when com- 
pared to the activity chamber-fed rats. Therefore, novelty 
stress may be regarded as an etiologically secondary factor 
in activity-stress ulcerogenesis, even though the home cages 
could be considered a relatively novel environment when 
compared with the running-wheel activity cages in the con- 
text of this experiment. In addition, it may be noted that 


handling did not play a critical role in ulcer development of 
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the home cage-fed rats, since all animals were handled 
equally in terms of frequency and duration of such handling. 

Before this experiment was performed, we expected that 
activity chamber-fed rats exposed to a frustrating stiuation 
would develop more ulcers as compared to home cage-fed 
rats which were fed in their colony home cages. Unexpec- 
tedly, the opposite results occurred. These unexpected find- 
ings lead to an alternative explanation which emphasizes the 
importance of the restricted feeding situation. We suggest 
that since activity chamber-fed rats were indeed fed in the 
running-wheel activity cages, these chamber stimuli became 
associated with the feeding events. Therefore, during the 23 
hr non-feeding period, the activity chamber emitted cues 
associated with feeding for the activity chamber-fed rats, 
whereas the same chamber was associated with non-feeding 
for the home cage-fed rats. 

Another possible factor in exacerbating ulcers in the 
home cage-fed rats may have been the abrupt switch of the 
animals from stress (running-wheel activity cage) to non- 
stress of safe condition (colony home cage), and vice versa. 
Mason et al. [6] and Desiderato et al. [2] observed that the 
sudden reversal of conditions might alter autonomic balance, 
with resulting increase in HCI secretion or gastric lesions. 
These explanation are, of course, hypothetical and require 
experimental verification. 
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MARQUES, D. M., R. J. OO;CONNELL, N. BENIMOFF AND F. MACRIDES. Delayed deficits in behavior after transe« 
tion of the olfactory tracts in hamsters. PHYSIOL. BEHAV. 28(2) 353-365, 1982.—This study compared the effects of 
transection of the lateral olfactory tracts (LOT) and the accessory olfactory tracts (AOT) in male hamsters on nest building, 
food piling, and sexual behavior. Autoradiographic tracing of amino acids injected into the olfactory bulbs allowed 
accurate determination of the location and extent of the transections. Animals with complete bilateral transections of the 
projections to the amygdaloid targets of the accessory olfactory bulbs and to the main olfactory targets posterior to the 
olfactory tubercle showed no sexual behavior postoperatively; they did not exhibit extensive genital investigation and did 
not mount females. In contrast, most of the animals with partial sparing of accessory olfactory bulb efferents to the 
amygdala did exhibit investigatory and copulatory behaviors postoperatively, although half of the animals with this partial 
sparing developed delayed deficits in these sexual behaviors. Almost all animals without detectable main olfactory bulb 
efferents to posterior targets showed delayed deficits in nest building and food piling. This was true whether or not there 
was partial sparing of accessory olfactory bulb efferents to the amygdala. The animals with LOT transections typically built 
nests and piled food during the first postoperative week, but stopped building nests and piling food by the fourth 
postoperative week. Cold stress enhanced these two behaviors in control animals but did not obviate the deficits in 
experimental animals. Caudally placed transections, which spared a larger portion of the main olfactory projections than 
rostally placed transections, did not spare more behavior. In fact, the caudally placed transections produced shorter delays 
in the appearance of deficits in nest building and food piling. These results indicate that the accessory olfactory bulb 
efferents to the amygdala are more important for sexual behavior than for nest building and food piling in male hamsters. 
Nest building and food piling are not directly dependent on normal ongoing or sensory evoked activity in the main or 
accessory olfactory bulb efferents which project through the LOT and AOT. The deficits in nest building and food piling 
may represent a deterioration in the ability of the animals to organize their living space. The observed delays in the 
appearance of deficits in behavior may also reflect slow degenerative processes or humoral changes associated with loss of 
input from the main olfactory bulbs to posterior olfactory target areas, and possibly with interruptions of projections to 
targets of the accessory olfactory system. 
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THE olfactory systems of rodents influence or control many 
behaviors, both social and non-social. Some of these behav- 
iors are elicited by chemical stimuli detected by the olfactory 
and vomeronasal receptors, and thus are eliminated by pe- 
ripheral deafferentation of the olfactory bulbs. Others are 
eliminated by removal of the olfactory bulbs, but not by 
sensory deafferentation alone. In hamsters, olfactory bul- 
bectomy eliminates sexual behavior by males [17] and re- 
trieval of pups and nest building by females [13,15]. Sensory 
deafferentation of both the olfactory and vomeronasal sys- 
tems, however, eliminates male hamster sexual behavior 





[16,22] but does not eliminate retrieval of pups or nest build- 
ing in female hamsters [15]. The effects produced by bulbec- 
tomy but not by sensory deafferentation alone have been 
termed ‘‘non-sensory”’ effects by Cain [2]. 

Many different central neural pathways are interrupted by 
removal of the olfactory bulbs. Principally involved are the 
centrifugal afferents and centripetal efferents of the olfactory 
bulbs. Most of the efferents from the main olfactory bulbs 
exit the olfactory peduncles through the lateral olfactory 
tract (LOT) [4,5]. These efferents terminate in the anterior 
olfactory nucleus, ventral portion of the hippocampal rudi- 
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ment, olfactory tubercle, pyriform cortex, nucleus of the lat- 
eral olfactory tract, anterior cortical and posterolateral corti- 
cal amygdaloid nuclei, and lateral entorhinal cortex. The ef- 
ferents of the accessory olfactory bulb form a compact bun- 
dle of axons within the LOT which has been termed the 
accessory olfactory tract (AOT) [1]. These efferents termi- 
nate in the bed nucleus of the accessory olfactory tract, me- 
dial amygdaloid nucleus, posteromedial cortical amygdaloid 
nucleus, and bed nucleus of the stria terminalis [4]. 

The principal purpose of this study was to determine 
which of the central olfactory connections are important for 
mediating the reported effects of olfactory bulb removal on 
nest building, especially those which do not appear to depend 
on detection of specific chemical stimuli in the hamster. We 
bilaterally transected the LOT at varying anterior-posterior 
levels, thereby progressively sparing the efferent projections 
of the olfactory bulbs. Although the effects of sensory deaf- 
ferentation on nest building have only been examined in 
female hamsters, we chose to conduct this experiment with 
male hamsters because we could then compare effects of the 
treatments on both nest building and male sexual behavior. 
The latter is heavily dependent on sensory cues in the olfac- 
tory and vomeronasal systems [31]. We also examined food 
piling, a species-typical behavior in hamsters. Cuts through 
the LOT just caudal to the anterior olfactory nucleus have 
been shown to reduce nest building and food piling and to 
eliminate sexual behavior in male hamsters [5,14]. Cuts 
placed more caudally in the LOT have been reported to elim- 
inate male copulatory behavior, but not genital investigation 
(sniffing and licking) of females by males [5]. We therefore 
wished to determine whether more caudally placed cuts 
might also spare nest building and food piling behavior. 

As noted earlier, bulbar projections are extensive, reach- 
ing many central structures. Therefore, autoradiographic 
visualization of transported radiolabeled amino acids was 
used to determine which projections were left intact after the 
LOT cuts. By comparing behavioral performance with the 
presence or absence of the various olfactory efferent con- 
nections in individual subjects, we hoped to specify which of 
the pathways are critical in nest building and sexual behav- 
iors. 

A second purpose of the present experiments was to 
examine the time course of behavioral deficits observed after 
LOT transections. In the study by Macrides et a/. [14], the 
deficits in nest building did not become significant until the 
third week after surgery. This slow decrease in nest building 
is very different from the usual time course one might expect 
after a brain lesion, i.e., an abrupt loss of function followed 
by a gradual recovery (if any) of the behavior in question. 
However, Macrides ef al. [14] did not emphasize the time 
course of the deficit because they did not force their animals to 
rebuild nests during the three postoperative weeks. Thus it 
is possible that the animals may have stopped building nests 
immediately but that the nests already in place were slowly 
scattered over the intervening weeks by general activity of 
the animals. In the present study we made detailed daily 
observations of the nest quality and removed all nests every 
4 days, forcing animals to rebuild. As an additional and more 
sensitive measure of nest building, all animals were tested in 
clean cages where normal animals build nests within 1.5-2.0 
hours ({15] for females; personal observations of males). 
This test is more likely to reveal deficits than observations of 
nest building in the home cage where the animal has continu- 
ous access to both the nest and additional nest material. To 
separate possible effects of experience from the mere pass- 
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ing of time, one set of animals was tested starting immediately 
after surgery, and a second was tested starting two weeks 
after surgery. 


METHOD 


Fifty-two adult male golden hamsters (10-12 weeks old 
when received from Engle Animal Farm, Inc., Farmersburg, 
IN 47850) were placed in individual wire mesh cages 
(25x 36x25 cm) the floors of which were covered with 4-6 
cm of pine sawdust. A 14 hr light:10 hr dark (3 25-W red 
bulbs) cycle with white lights off at 11 a.m. was established 
and the temperature of the animal room was maintained at 
22-24°C for most of the experiment. During one week of 
testing the air conditioner was not working and the tempera- 
ture rose to 28°C during the hours of testing (see Results). 
Water was available ad lib. Fresh rat chow was given 4 of 
every 5 days (see below). 

The animals were screened for sexual performance one 
week prior to behavioral testing. They were given access to 
normally cycling receptive females and excluded from the 
study (6%) if they failed to achieve 3 ejaculations within a 
single 20 min exposure. 


Behavioral Testing 


Starting 8-12 days before surgery, each animal was rated 
daily for nest building in its home cage. Within the week 
before surgery, each male was tested twice for sexual behav- 
ior with a normally cycling receptive female, and twice for 
nest building in a clean cage. All tests and ratings took place 
during the first 5 hours of the dark cycle. A 25 W white light 
illuminated the room during ratings of home cage nest qual- 
ity. 

Home cage nest building and food piling. Bedding, food 
and nesting materials were changed every 4 days. On Day 1, 
each animal was given 10 chow pellets scattered about the 
floor of the cage, and 10 strips of paper towel (331 cm) 
placed in a hopper of wire mesh (1.5 cm square holes) on the 
back of each cage. On Days 2 and 3, unused paper was 
removed from the hopper and 5 fresh pieces of paper and 
food were given as before. On Day 4, no paper or food was 
given. 

Almost every day, nests were measured and assigned sub- 
jective nest quality ratings (NQ) based on the depth and reg- 
ularity of the depression in the bedding and on the size (com- 
pactness) of the pile of paper. The NQ scale ranged from 0-5 
(including half steps, e.g., 2.5). For example, a “*5’’ was 
recorded for a nest with a deep, uniformly shaped depression 
in the bedding, lined and partly covered with paper; a ‘*3”’ 
was given for nests which were irregular, partly lined with 
paper, and not very deep (3-5 cm); a **1"’ was recorded if the 
paper was limited to one half of the cage and there was a 
shallow, irregular depression in the bedding. The location, 
length, width, and depth of the nest (from the bottom of the 
depression to the top of any paper covering the nest) were 
measured and recorded, together with the location and size 
of food piles. 

Clean cage nest building and food piling. Each animal 
was placed in a large (61x65 cm) stainless steel cage 
(Wahmann guinea pig cage) and left for one hour with 10 
strips of paper towel (332.5 cm) and 5 pieces of food. At 0.5 
and | hr the nests were measured and rated on a 0-5 scale. A 
**5’’ was recorded for small piles of paper in one corner, 
somewhat matted down; a **3”’ for larger, oblong or irregular 
piles; a ‘1’ for paper restricted to less than half the cage. 
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Food pellets were ‘‘piled’’ if 2 or more were touching each 
other or were in the same corner within | cm of each other. 

Sexual behavior. Males were adapted to clean white plas- 
tic cages (45x23 cm) for one minute, after which a normal 
receptive female was introduced. The behavior of the male was 
recorded for 10 min or until the male had achieved 5 intro- 
missions, whichever came first. All behavioral measurements 
were keyed into a microcomputer and stored on tape for 
subsequent analysis. Mounting of the head, side, and 
rear were scored separately. The times spent investigating 
these regions of the female were also recorded separately. 

Test for olfaction. When the other behavioral testing was 
completed (3-6 weeks after surgery) all animals were de- 
prived of food for 2 days and given a food localization test to 
provide a rough meausre of their ability to locate and identify 
an odor source. Each animal was placed in a small (23x19 
x 30 cm) clear plastic cage, with 2 holes (1 cm dia., 7.5 cm apart) 
in the bottom. A plastic cup was placed under each hole 
containing either 3 food pellets or 3 corks of the same size. In 
the dim red illumination used, a human observer could not 
distinguish the two sets of stimuli as viewed through the 
cage, but as an added precaution, the floor of the box was 
painted black after half the animals were tested. No differ- 
ences were observed between these two visual conditions. 

Treatments and postoperative testing. The animals were 
tested in two sets. The first set was not tested during the first 
two postoperative weeks except for ratings of home cage 
nest building. This group also was not tested for nest building 
in the cold (see below). The second set was tested on all 
behavioral measures starting 2 days after surgery. 

Animals were randomly divided into two treatment 
groups: LOT cuts (N=27) and controls (N=16). For both 
treatments, they were anesthetized with sodium pentobarbi- 
tal and a 3-4 mm dia. hole was made in the posterior surface 
of each orbit after the eyes and other tissue were gently 
retracted. In the experimental groups the LOT was cut with 
a 0.1 mm tungsten wire having a 0.5 mm hook at the end. The 
more anterior cuts were approximately 4 mm anterior to the 
base of the zygomatic arch and the more posterior cuts were 
up to 3 mm posterior to the anterior ones. In control animals, 
a cut was made in the cortex just dorsal to the LOT. Two 
controls and six experimental animals did not survive 
surgery and were excluded from the totals listed above. One 
animal died before the end of testing and was also excluded. 


Histology 


Following behavioral testing, all experimental animals 
were injected in the posteromedial part of each olfactory 
bulb with a 1:1 mixture of tritiated leucine (120 Ci/mmole) 
and tritiated proline (31.3 Ci/mmole) 5—6 days before sac- 
rifice. Injections of from 0.05 to 0.1 pul (2.5 to 5 wCi) were 
made under visual guidance over a 5 minute period through a 
33 ga needle. The needle was left in place for 5 min following 
each injection. 

After perfusion with 0.9% saline and then 10% buffered 
Formalin (in 0.9% saline), brains were removed and exam- 
ined under a dissecting microscope (30x). Two observers, 
blind to the treatments of each animal, rated the complete- 
ness of each cut and its location according to the scale of 
Devor [5]. Brains were then embedded in paraffin and sec- 
tioned at 12 wm. Six of every 10 sections were saved and 
mounted 3 sections per slide. Standard autoradiographic pro- 
cedures as modified by Davis et al. [4] were performed on 
every other slide. These slides were exposed to emulsion 


(Kodak NTB-2 nuclear track emulsion diluted 1:1 with a 
0.25% Dreft solution) for 8 weeks and were then stained with 
cresyl violet. Alternate slides were stained with either Weil 
or luxol fast blue. 

All statistical tests are two-tailed nonparametric tests ex- 
cept as noted. Error estimates are standard errors of the 
mean (S.e.m.). 


RESULTS 
Histology 


Olfactory tract transections were evaluated by three 
methods: visual inspection of the brain, examination of 
fiber-stained sections in bright field microscopy, and exam- 
ination of autoradiograms in dark field microscopy. Four 
animals were excluded from _ subsequent behavioral 
analyses, 3 because of subcortical damage, and | because of 
inadequate autoradiograms (see below). The remaining 23 
animals were divided into groups which differed in the spar- 
ing of some accessory olfactory bulb efferents. The location 
of each transection was assessed by all three methods, but 
primary emphasis was placed on autoradiography. The term 
‘olfactory tracts’ will be used to refer to both the LOT (main 
olfactory bulb efferents) and the AOT (accessory olfactory 
bulb efferents) together. 

Visual inspection. Both observers judged 17 animals as 
having complete bilateral transections of the olfactory tracts. 
Both rated 4 others as completely transected on only one 
side, and each rated | further animal as problably unilaterally 
transected. Thus there were 6 animals thought by at least | 
observer to have an incomplete transection on one side. The 
agreement between observers about the location of transec- 
tions was not very good, as the ratings sometimes differed by 
as much as 3 levels in Devor’s [5] 16 level scale. These 
ratings of location were not used in further analyses. 

Cell and fiber stained material. Three animals sustained 
lesions extending bilaterally into the caudate nuclei. None of 
these animals built nests, piled food, or displayed any sexual 
behavior postoperatively. Two died before perfusion. These 
3 animals were excluded as mentioned above. 

Two animals with complete bilateral transections and one 
with a unilateral transection had unilateral lesions extending 
dorsally from the cuts through the pyriform cortex into the 
neocortex. Cuts and lesions in the other animals did not 
extend dorsally beyond the rhinal sulcus, and no animal sus- 
tained tissue damage as deep as the anterior limbs of the 
anterior commissure, or posteriorly into the amygdala. 

The six animals which appeared by visual inspection to 
have unilateral transections had fiber stained sections that 
were clearly different from those of the other animals. There 
was a bundle of LOT fibers in every section on one side. In 
fiber and cell stained material, it was not possible to sepa- 
rate the remaining 17 animals into groups differing in com- 
pleteness of olfactory tract transections. They all had several 
consecutive sections on each side in which there were no 
stained fibers where the LOT and AOT should have been. 

Autoradiography. The behavioral data from one animal 
were excluded (as mentioned above) because of inadequate 
autoradiography. It had very small injections of amino acids, 
making confident tracing of olfactory efferents impossible. 

In the cases with adequate injections which involved both 
the main and accessory olfactory bulbs, the injections also 
involved the rostral pole of the anterior olfactory nucleus. 
These cases had autoradiographic labeling in the anterior 
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FIG. 1. Dark-field photomicrographs of serial coronal sections through the brain 
(anterior to posterior is bottom to top) of an animal that appeared, from standard 
histology, to have a complete LOT transection. The midline of the top section has 
been shifted to the left of the others to allow superimposition. Note the apparent 
absence of LOT fibers in the three sections, and in the posterior PC (top section), but 
the presence of autoradiographic labeling in the medial amygdaloid nucleus. This 
method for evaluating knife cuts allows one to unravel the relative contribution of 
specific pathways in behavior (cf. Tables 1 and 2). Scale indicates 1 mm. Distances 
between sections, bottom to top, are 240 u and 2760 4. HR=hippocampal rudiment 
(tenia tecta); MA=medial amygdaloid nucleus; OT=olfactory tubercle; PC=pyriform 


cortex; LOT=lateral olfactory tract. 


commissure, the major efferent pathway of the anterior ol- 
factory nucleus. The main olfactory bulb and the anterior 
olfactory nucleus have common projections to the olfactory 
and amygdaloid cortices, but their contributions to the label- 
ing in their central projection targets can be distinguished 
because their efferents have different laminar patterns of 
terminations in these cortices [23]. The main olfactory bulb 
efferents terminate in the superficial half of the superficial 
plexiform layer (layer IA), whereas the efferents of the 


anterior olfactory nucleus terminate predominantly in the 
deep half (layer IB). In the following analysis, the presence 
or absence of intact main olfactory efferents was determined 
on the basis of labeling in layer IA of the various target areas. 
However, labeling in the olfactory and amygdaloid cortices 
was almost exclusively confined to layer IA, indicating that 
the contribution from the efferents of the anterior olfactory 
nucleus to this labeling was slight. 

The animals identified above as having only unilateral 
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FIG. 2. Second example of an LOT transected animal with sparing of accessory olfactory bulb 
projections to amygdaloid targets. In this case, the bottom (most anterior) section shows some 
remaining LOT which is absent more caudally. Labelling in layer Ia of the PC is also present in 
the most anterior section. Distances between sections, bottom to top, are 1068 uw and 1572 u 


See Fig. 1 for abbreviations. 


transections of the olfactory tracts showed heavy labeling in 
the target areas of both the main olfactory and accessory 
olfactory bulbs ipsilateral to the incomplete transections. In 
the accessory olfactory system, the nucleus of the accessory 
olfactory tract and the medial and posteromedial cortical 
amygdaloid nuclei were heavily labeled, with the bed nu- 
cleus of the stria terminalis much less so. Of particular inter- 
est in the main olfactory system were those target areas 
posterior to the olfactory tubercle. These posterior main ol- 
factory targets, all clearly labeled, were the nucleus of the 
LOT, the posterior pyriform cortex and lateral entorhinal 
cortex, and the anterior cortical and posterolateral cortical 
amygdaloid nuclei. The anterior olfactory nucleus, olfactory 
tubercle, and ventral hippocampal rudiment were labeled 
bilaterally. 

The 17 animals which appeared to have complete bilateral 
transections upon examination of fiber-stained sections were 
divided into 3 groups on the basis of autoradiographic find- 
ings. Six animals (group 1) had good injections into both 
main and accessory olfactory bulbs and no transport of 
amino acids to either the posterior main olfactory target 
areas or the accessory olfactory target areas. Six other 
animals (group 2) had no transport of amino acids to the 
posterior main olfactory target areas. Five of these animals 
did have bilateral transport of amino acids to the medial and 
posteromedial cortical amygdaloid nuclei. The remaining 
animal in group 2 had unilateral transport to these areas. 
None had projections strong enough for grains in the other 
target areas of the AOB to be confidently identified as being 
above the background level. Figures | and 2 show au- 


toradiograms for two group 2 animals with sparing of projec- 
tions to the amygdaloid target areas of the AOB. Heavy 
labeling can be seen in the medial amygdaloid nucleus de- 
spite the apparent absence of any LOT or AOT fibers in the 
early sections and the absence of labeling in the posterior 
pyriform cortex. 

The five remaining animals (group 3) did not have injec- 
tions with sufficient diffusion of tracers into the AOB to 
permit an assessment of whether efferents from the AOB had 
been spared. None of these 5 (group 3) showed transport of 
amino acids to the posterior main olfactory areas. These 
three groups (1, 2, and 3) will, for convenience, be referred 
to collectively as animals with LOT transections. The 
animals with uniformly unilateral transections constitute 
group 4. 

All of the animals with LOT transections (no transport to 
posterior main olfactory areas) had fairly heavy transport of 
amino acids to the anterior olfactory nucleus and anterior 
parts of the olfactory tubercle and pyriform cortex. In all but 
one animal, silver grains were seen in the olfactory tubercle 
posterior to the level of the transection, but none had grains 
in the nucleus of the LOT. The ventral hippocampal rudi- 
ment received transported amino acids in all but this same 
animal. 

Summary of groups. The 23 experimental animals were 
divided into 4 groups, based on histology: Group | (N=6) 
with no apparent intact main olfactory bulb efferents to 
posterior olfactory areas and no accessory olfactory bulb 
efferents to amygdaloid targets; Group 2 (N=6) with no ap- 
parent intact efferents to posterior main olfactory targets, 
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FIG. 3. Mean home cage nest building (subjective nest quality) as a function of days from surgery for experimental animals (open symbols and 
stars) and controls (filled squares). Data are means for each group with s.e.m. given for significant comparisons. Open star is p<0.05; filled 


star is p<0.01; Mann-Whitney U tests versus controls. 


but some intact accessory olfactory bulb efferents to amyg- 
daloid targets; Group 3 (N=5) with no apparent intact effer- 
ents to posterior main olfactory targets, but with the state of 
the accessory olfactory bulb efferents to the amygdaloid 
targets unknown; and Group 4 (N=6) with only unilateral 
transections of both main and accessory olfactory bulb effer- 
ents. 

Location of the transections. The cuts varied in anterior- 
posterior placement from the anterior to the posterior edge 
of the olfactory tubercle. The location of the transections in 
this anterior-posterior plane was therefore designated as the 
percent of olfactory tubercle anterior to the section in which 
the cuts were determined to have completely severed main 
olfactory bulb efferents (cf. Fig. 8). The location of the olfac- 
tory tubercle was determined from cell and fiber stained 
material, and the location of complete transection was de- 
fined from autoradiograms as the most anterior section in 
which silver grains were absent from the pyriform cortex. 


Behavioral Results 


Home cage nest building. All control animals continued 
to build nests with an NQ of 2 or higher. Therefore, an 
animal was judged to have developed a deficit if it consis- 
tently scored an NQ of | or lower. The onset of the deficit 
was defined as the first of 3 consecutive days with an NQ of | 


or less. With this criterion, there was one experimental 
animal that showed a deficit in home cage nest building dur- 
ing the first postoperative week, thirteen experimental 
animals showed delayed deficits, developing one and one- 
half to four weeks after surgery (Fig. 3 and 4). The remaining 
three LOT transected animals did not show a deficit in home 
cage nest building; there was one each in the three histologi- 
cally defined groups (Table 1). Thus there were no differ- 
ences in the impairment of nest building among the different 
groups with bilateral LOT transections. All three groups had 
significantly more animals with deficits than either the con- 
trols or group 4 (Fisher’s exact probability tests; Table 1). 

Only 3 of the 14 animals with deficits in home cage nest 
building stopped taking nest paper from the hopper. Those 
that took paper generally took all available pieces. None of 
the comparisons between groups for amount of paper taken 
from the hopper approached statistical significance. Thus, 
after several weeks, most animals with LOT transections 
continued to obtain nest material but did not organize it into 
a nest. 

Posterior LOT transections did not spare home cage nest 
building. In fact, nest building disappeared sooner in animals 
with posterior LOT transections than in those with anterior 
ones (Spearman r=—0.56, 1(15)=2.65, p<0.02). All three 
animals without a deficit had relatively anterior transections. 

Other measures of nest building (depth, size of nest) were 
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FIG. 4. Home cage nest building (nest quality, NQ) of representative individual animals as a function of days from surgery 


more variable than NQ ratings, but nevertheless showed the 
same results. It was felt that the NQ rating reflected the 
overall quality of nests more precisely than any other single 
measure, as it reflected both depth and size of nests. 

Clean cage nest building. One LOT transected animal 
and one control animal did not build nests either preopera- 
tively or postoperatively and are excluded from the analysis 
of clean cage nest building. All but | of the remaining 16 LOT 
transected animals eventually stopped building nests in the 
clean cage tests. The criterion for a deficit in clean cage nest 
building was two consecutive tests with NQ scores less than 1. 

There were seven experimental animals and seven con- 
trols in set 1. These were not tested postoperatively for clean 
cage nest building until 14 days after surgery. There 
were nine experimental animals and eight controls in set 2, 
that were tested starting in the first week after surgery. 


There was no difference between experimentals and controls 
in set 2 during the first postoperative week, but experimental 
animals in both set 1 and set 2 were significantly different 
from controls by the third week (Mann-Whitney U-tests, 
p<0.05 for both sets at week 3 and p<0.01 at week 4; Fig. 5). 
Thus there was a delayed deficit in clean cage nest building 
comparable to that in home cage nest building. Furthermore, 
the course of the deficits was not affected by the presence or 
absence of testing during the first two weeks after surgery 
(set 1 vs set 2, Fig. 5). As with home cage nest building, there 
were no differences among groups |, 2, and 3. 

During the third postoperative week of set 2, the air con- 
ditioner in the room used for testing and housing failed, and 
several control animals did not build good nests at room 
temperatures of 28°C. They recovered by the beginning of 
the fourth week. These effects of high room temperature are 
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TABLE | 


CENTRAL OLFACTORY AND VOMERONASAL CONNECTIONS IN 
HOME CAGE NEST BUILDING 





Central Connections* Nest Building 


Posterior Accessory No Delayed Immediate 
main olfactory olfactory deficit? deficit? deficit§ 





Group 1 179 


Group 2 174 
Group 3 : 7 20# 
Group 4 100 
Group 5 Controls 100 





*Location of central projections from the main olfactory bulbs to posterior main olfactory 
target areas and from the acccessory bulbs to the accessory olfactory target areas as revealed by 
amino acid autoradiography (—=no terminations, +=visible terminations, ?=could not be de- 
termined). 

+Numbers are percents of N. 

tNest building continued for at least a week after surgery but eventually stopped. 

§Nest building stopped within the first week after surgery. 

{p<0.001 compared to controls, »<0.005 compared to group 4. 

#p<0.002 compared to controls, »<0.02 compared to group 4. 


apparent in Fig. 5; and they led us to conjecture that if some 


CLEAN CAGE NEST BUILDING normal animals did not build nests when they were too 


* warm, perhaps lesioned animals might be induced to build 


57 Set | . : 
* * * nests when cold. Therefore, in the fourth week, all the 


animals in set 2 were tested in the cold (2—4°C; Fig. 5). All 
but one control animal built very tight nests (NQ=4 or 5); the 
other built a split nest (2 separate piles). In contrast, one 
LOT transected animal built a split nest and none of the 
others piled any of the paper (p<0.01, Fisher's test). To 
further demonstrate the dependence of nest building on room 
temperature, all controls were subsequently placed in a 
warm (34°C) room: none had piled any paper even after 4 
hours. The decrease in clean cage nest building during the 
warm week was paralleled by reduced home cage nest build- 
ing during that period (Fig. 3, lower graph, days 13 and 15). 
Food piling. Food piling in clean cages declined over time 
following LOT transections as had nest building (p<0.001 
Fisher’s test vs controls for both sets | and 2 in the fourth 
week). Figure 6 shows the time course of this deficit and the 
effects of room temperature for set 2. Changes in room tem- 
perature had the same effect on food piling as on nest build- 
ing and low room temperature did not restore food piling in 
experimental animals. The results for food piling in the home 
cage also paralleled those for nest building (data not shown). 
Sexual behavior. None of the 6 animals with verifiably 
complete transections of both the LOT and the AOT (group 
1) ever intromitted in any test with receptive females 
2, (p =0.06 vs group 2; p<0.01 vs group 4; p<0.001 vs controls 
ag ?-- pag -o in the proportions of animals with complete absence of sex- 
15 20 25 ual behavior postoperatively, Fisher's tests). In contrast, 4 
of the 6 animals with verifiably incomplete AOT transections 
(group 2) successfully achieved the criterion of 5 intromis- 
FIG. 5. Nest quality ratings from tests in clean cages as a function of res at least once postoperatively (Table 2). One animal in 
days since surgery, and in the cold during the fourth week (see text). this group and one animal in group 3 reached criterion on all 
Circles=experimental animals; squares=controls; *=p<0.05; tests but with long latencies (mean latencies of 212 and 224 
¥ =p: 0.01. secs, respectively, compared to a mean latency of 
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TABLE 2 
CENTRAL OLFACTORY AND VOMERONASAL CONNECTIONS IN SEXUAL BEHAVIOR 





Central Connections* 


Posterior 
main olfactory 


Accessory No 
olfactory 


Sexual Behavior 


Delayed 
deficit? 


Immediate 


deficit? deficit§ 





Group | 
Group 2 
Group 3 
Group 4 
Group 5 


Controls 


1004 
33 
60 

0 
6 





* +See Table 1. 


¢Criterion performance in first postoperative tests but no sexual behavior in later tests 


§$No sexual behavior after treatment. 


‘p<0.001 compared to controls, »<0.05 compared to group 4. 


#p<0.001 compared to controls, p<0.01 compared to group 4, p 


FOOD PILING IN CLEAN CAGES 
Set 2 . 
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FIG. 6. Food piling in clean cages for animals in set 2 as a function of 
days from surgery, illustrating a delayed deficit with a time course 
similar to that for nest building (one animal which did not pile food 
pre- or post-opeatively has been excluded from these analyses). 
Symbols as in Fig. 5. Values at right are for tests in the cold during 
the fourth week (see text). 


112 + 36.1 for controls). Group 2 nevertheless had signifi- 
cantly fewer animals with no deficit than either the unilater- 
ally cut animals (group 4, p<0.01) or the controls (p <0.001). 
Thus 4 of the 6 animals with some intact accessory olfactory 
bulb efferents displayed some sexual behavior postopera- 
tively, but 5 of the 6 nevertheless stopped mating altogether, 
either immediately or after a delay. 

Among the animals in set 2, tested during both the first 
and third postoperative weeks, there was a significant in- 
teraction between the time courses of deficits in clean cage 
nest building and in sexual behavior (p<0.05, McNemar test; 
Fig. 7). No animal had a delayed deficit in sexual behavior 
with an immediate deficit in nest building, and most animals 
had a delayed deficit in nest building but an immediate deficit 
in sexual behavior. The interaction between food piling and 
sexual behavior was the same (p<0.05). There were 4 exper- 
imental animals that had a delayed deficit in sexual behavior: 


0.06 compared to group 2. 


RELATIONSHIP BETWEEN DEFICITS IN 
SEXUAL BEHAVIOR AND NEST BUILDING 


Percent of animals 
(Set 2, N=9) 


= 


IMMEDIATE DELAYED DELAYED MMEDIATE 


DEFICITS 
WMMEDIATE DELAYED IMMEDIATE DELAYED 








SEXUAL BEHAVIOR 
NEST BUILDING 


FIG. 7. Interaction (%¥ =p<0.05; McNemar test) in the time course of 
deficits in sexual behavior and nest building. Only set 2 (tested start- 
ing 2 days after surgery) are included because set | was not tested 
during the first postoperative week. 


they reached criterion at least once postoperatively but later 
ceased mating. Three of the four also had a delayed deficit in 
nest building, and the fourth did not build nests either pre- 
operatively or postoperatively. Two of the animals with de- 
layed deficits in sexual behavior were from set 2, i.e., were 
tested during both the first and third postoperative weeks. 

Animals with posterior LOT transections did not, in gen- 
eral, show more investigation of females than those with 
anterior transections. In those tests for sexual behavior for 
which the males did not reach criterion, there was no signifi- 
cant correlation between anterior-posterior cut placement 
and the time spent investigating the rear of the female (Fig. 
8). 

None of the 6 animals with unilateral transections had any 
detectable deficits in sexual behavior. One of the 16 controls 
failed to meet criterion on all tests postoperatively; all others 
performed to criterion on all tests. 
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FIG. 8. Relationship between time per test spent sniffing the rear of 
females and the anterior-posterior position of the LOT transections. 
Each data point is the mean time of an animal for those tests in 
which it did not reach criterion. 


Tests for olfaction. All of the controls and five of the six 
animals with unilateral transections (group 4) spent at least 
12 sec sniffing at the food port. Of all 17 animals from groups 
1, 2, and 3 only two sniffed at the port with food under it for 
more than 2 sec. Both (one from group 2, one from group 3) 
sniffed at the food port for more than 25 sec and both also 
performed to criterion in the tests for sexual behavior. One 
had no deficit in home cage nest building; one had a delayed 
deficit. 


DISCUSSION 


Bilateral transections of the lateral olfactory tract (LOT) 
resulted in delayed but eventually complete deficits in nest 
building and food piling. Sparing of the accessory olfactory 
tract (AOT) made no apparent difference in the incidence or 
time course of deficits in these behaviors. The persistence of 
nest building and food piling for at least one week after tran- 
sections of the LOT indicates that normal ongoing or sensory 
evoked activity in these efferents is not necessary for these 
behaviors. There does appear to be, however, some neces- 
sity for the integrity of these efferent pathways, because nest 
building and food piling disappear 2-4 weeks after transec- 
tions of the LOT. Because neither the degree nor the time 
course of these deficits were strongly related to the presence 
or absence of intact accessory olfactory efferents, the defi- 
cits appear to be primarily related to damage in the main 
olfactory system. 

Contrary to our expectations, posterior LOT transec- 
tions, which spared much of the olfactory input to the olfac- 
tory tubercle and anterior pyriform cortex, did not spare nest 
building or food piling behaviors. In fact, there was a signifi- 
cant correlation demonstrating that nest building disap- 
peared more rapidly after posterior than after anterior LOT 
transections. Although this unexpected correlation needs to 
be replicated, these data suggest that the delayed deficits 
following LOT transections cannot be attributed to incom- 
plete severing of connections between the main olfactory 
bulbs and anterior sites such as the olfactory tubercle and 
anterior pyriform cortex, because the greater sparing of 
these connections in the animals with posterior transections 
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should not then have resulted in shorter delays to the nest 
building deficits. By the same reasoning it is unlikely that the 
delayed deficits reflect retrograde degeneration of olfactory 
bulb neurons and consequent loss of efferents to the anterior 
targets. The caudal transections are more likely to have 
produced direct damage to the posterior olfactory structures 
and their associational connections, and the more immediate 
loss of behavior may have been due to such direct damage. 

Although the deficits in nest building and food piling were 
delayed, they were nevertheless complete in most animals. 
Four weeks after surgery, animals with LOT transections 
could not be induced to build nests or pile food in the cold, 
even though cold was a strong stimulus for nest building and 
food piling in control animals. Thus, the animals would not 
exhibit these behaviors in a presumably unstressful situation 
(home cage), in a clean cage, or when stressed by cold expo- 
sure. 

Transections of the LOT affected nest building and food 
piling with a similar time course. Our tests of these behaviors 
may have in common that they measure the ability of an 
animal to organize its cage, or, more generally, to organize 
spatial information. Hippocampal lesions, known to disrupt 
performance in tasks requiring use of spatial information in 
rats [6, 19, 20], also eliminate nest building in hamsters [26]. 
The medial entorhinal cortex has direct efferents to the hip- 
pocampal formation, and lesions in this cortex also disrupt 
tasks requiring spatial organization in rats [20]. Through ef- 
ferents terminating in the lateral entorhinal cortex, which 
also projects to the hippocampal formation [28,29], the main 
olfactory system may have input to a neural system involved 
in spatial organization, and bilateral LOT transection could 
have its effects on nest building and food piling partly by 
causing secondary changes in that system. 

Both the time course of deficits following transections of 
the olfactory tracts and the effect of sparing the AOT were 
different for sexual behavior than for nest building and food 
piling. Male hamster sexual behavior was eliminated im- 
mediately and completely when both the LOT and AOT 
were bilaterally transected, whereas the deficits in nest 
building and food piling were delayed in most of the animals. 
When the LOT was transected but the accessory olfactory 
bulb efferents to amygdaloid targets were partly spared 
(group 2), half of the animals showed delayed deficits in 
sexual behavior and one of the animals had no apparent 
deficit. Thus the accessory olfactory system seems to play a 
stronger role in sexual behavior than in nest building and 
food piling. These results are generally consistent with a 
growing body of evidence that the accessory olfactory sys- 
tem is directly involved in eliciting male hamster sexual be- 
havior. Recently, Lehman et a/. [12] placed lesions in the 
medial amygdaloid nucleus which destroyed this projection 
target of the AOB and interrupted much of the AOB projec- 
tion to the posteromedial cortical amygdaloid nucleus. These 
lesions produced severe deficits in male sexual behavior. 
Our present results also complement those of earlier studies 
showing that selective sensory deafferentation of the ac- 
cessory olfactory bulbs can disrupt sexual behavior in the 
male hamster, and that more extensive disruption of sexual 
behavior is produced by sensory deafferentations of both the 
accessory and the main olfactory bulbs [16, 22, 31]. 

While the evidence in this paper serves to emphasize the 
importance of the accessory olfactory system for sexual be- 
havior, it must be noted that the projections of the main 
olfactory bulb to posterior targets are also clearly important 
for sexual behavior. All but one LOT transected animal had 
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intact, heavy projections to anterior main olfactory targets; 
nevertheless, most of these animals eventually ceased all 
sexual behavior. Five of these animals had bilateral ac- 
cessory olfactory bulb projections to the amygdala, one had 
unilateral projections. They all had main olfactory bulb pro- 
jections to anterior structures, which remained intact (cf., 
Figs. | and 2). In most of these animals, (5 of 6), the partial 
sparing of accessory olfactory bulb efferents and anterior 
projections of the main olfactory bulb was not sufficient to 
maintain sexual behavior in the absence of intact main olfac- 
tory bulb connections to the posterior olfactory areas. Thus 
the connections between the olfactory bulbs and the 
posterior main olfactory areas are very important, perhaps 
necessary, for continued sexual performance in the male 
hamster. 

Animals with posterior LOT transections did not show 
much investigation of females during tests for sexual behav- 
ior (Fig. 8). We thus did not replicate Devor’s [5] finding of a 
dissociation between olfactory investigation and sexual be- 
havior. It is unlikely that our tests were less sensitive to 
sparing of olfactory investigation, since we analyzed the 
latencies and durations of a large variety of behaviors includ- 
ing general investigation and perineal investigation, the two 
measures used by Devor [5]. We do not have a complete 
explanation of this difference in results. However, we do 
note that there were important differences in presurgical 
sexual experience. Whereas Devor used highly experienced 
males, the animals in the present study had obtained only 
three ejaculations in the initial screening tests, and none dur- 
ing testing. The lesser amount of copulatory experience in 
our experimental animals might have been insufficient to 
maintain an interest in sexual odors despite the relatively 
posterior locations of the transections in many of these 
animals. Also, their lesser experience in the precopulatory 
components of sexual behavior may have been a factor. 

Only two animals showed residual chemosensory func- 
tioning after bilateral LOT transections as revealed by the food 
localization test. Yet the transections of the LOT, even when 
very anterior, did not disrupt all efferent connections from 
the olfactory bulbs to the rest of the brain. Specifically, as 
shown by autoradiography, the cuts left heavy projections to 
the anterior olfactory nucleus, ventral hippocampal rudiment 
and olfactory tubercle. Slotnick and Berman [27] have re- 
cently shown that rats with similar LOT cuts can have some 
remaining odor detection abilities. Nevertheless, these 
anterior connections are not sufficient for sexual behavior in 
male hamsters, and are not sufficient to maintain nest build- 
ing for more than 3 weeks. Apparently the food test is not 
sensitive enough to detect partial sensory functioning in 
animals with bilateral transections of the LOT, perhaps be- 
cause of a general disruption of behavior resulting from such 
treatment and because this test requires that the animal 
demonstrate the capacity for spatial localization of the odor 
source. The same food localization test appears more sensi- 
tive in revealing partial recovery from effects of zinc sulfate 
infusion of the nasal cavities [15], even as early as two days 
after treatment (Meredith, Marques and O’Connell, unpub- 
lished data). This suggests that the partial sensory capacity 
remaining after posterior LOT transections may be different 
in kind from that remaining after zinc sulfate treatment, 
which produces reductions of chemosensory input to an 
otherwise intact central nervous system. 

The delay in disappearance of behavior following tran- 
section of the LOT may reflect an interesting pattern of 
neural disorganization. Schoenfeld and Hamilton [24] re- 
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cently reviewed many indirect changes resulting from brain 
lesions, several of which would produce a delayed deficit. 
One such explanation for the observed delay is that the defi- 
cit results from slow transneuronal changes in the projection 
targets of olfactory bulb efferents. These changes might be 
precipitated by removal of LOT inputs. Heimer and Kalil 
[11] have shown that transneuronal degeneration in the 
pyriform cortex of rats continues for at least 16 days after 
ablation of the olfactory bulbs. Gruenthal er al. [10] have 
recently observed a delayed deficit in a reversal learning task 
following lesions of the sensorimotor cortex of rats. They 
cite transneuronal degeneration and axonal sprouting as 
possible contributory causes. 

Another possible mechanism for the delayed behavioral 
deficits is a change in central transmitter or humoral levels. 
The olfactory efferents could serve to maintain a humoral or 
transmitter pool in some central area which is gradually de- 
pleted following the cuts. Gradual, cumulative changes in 
circulating hormonal levels might also produce these delayed 
effects. Removal of the olfactory bulbs in rats and mice does 
result in changes in telencephalic transmitter levels [7, 8, 18, 

se changes are not present for the first 
two weeks after bulb removal but are significant at 3 weeks 
[21]. Cairncross et al. [3] have observed an increase in serum 
corticosteroids after bulbectomy in the rat. They were able to 
reduce the serum corticosteroid level together with the ex- 
cessive emotionality observed in these animals by adminis- 
tration of appropriate anxiolytic drugs. Humoral changes 
might well interact with or even be caused by progressive 
transsynaptic changes after the knife cuts in hamsters. 

The roles of the olfactory systems in nest building and 
food piling are complex. In nonpregnant female hamsters, 
peripheral sensory deafferentation in the main olfactory and 
particularly the vomeronasal systems results in increased 
nest building [15]. Odor cues thus appear to reduce nest 
building behavior, perhaps by eliciting competing behaviors. 
In contrast, transection of the olfactory tracts in male ham- 
sters and olfactory bulb removal in females [15] result in 
eventual disappearance of nest building. To the extent that 
the olfactory systems have similar roles for nest building and 
food piling in both males and nonpregnant females, the LOT 
cuts appear quite different from peripheral sensory deaffer- 
entation and qualitatively similar to olfactory bulb removal. 

One missing piece of evidence, however, is the effect of 
long-term sensory loss. It is possible that permanent, com- 
plete sensory loss in the olfactory system would result in 
eventual disappearance of nest building and food piling. The 
deafferentation technique used on the vomeronasal system 
in the study with female hamsters [15] did produce a per- 
manent loss in that system, but the sensory deficit produced 
by zinc sulfate in the main olfactory system was transient 
and probably incomplete. Long term sensory deficits follow- 
ing zinc sulfate treatment have been reported in the female 
mouse, with resulting disruption of maternal nest building 
[30]. However, the mouse may be different from the hamster 
and also the rat, in that zinc sulfate treatment within one 
week before testing disrupts pup retrieval and induces can- 
nibalism in lactating [25] and virgin female mice (Marques 
and See, unpublished observations), whereas similar treat- 
ment in virgin female hamsters [15] and rats [9] does not 
reduce pup retrieval and does not induce cannibalism. It 
should also be noted that previous studies which demon- 
strated that the vomeronasal system can support sexual be- 
havior in male hamsters have employed the zinc sulfate pro- 


cedure to deafferent the main olfactory system [16, 22, 31], a 
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procedure which produces questionable sensory loss. We 
therefore cannot exclude the possibility that long-term sen- 
sory loss in the main olfactory system of the male hamster 
would result in gradual disappearance of sexual behavior. 
This time course was observed for several of the cases with 
bilateral transections of the LOT and incomplete transec- 
tions of the AOT in the present study, and was observed in a 
few cases with vomeronasal deafferentation in the study by 
Winans and Powers [31]. 

Whether or not long term sensory loss in the main olfac- 
tory system will disrupt nest building and food piling in 
hamsters, the results of this experiment showing delayed 
deficits in these behaviors for almost all of the animals with 
bilateral transections of the olfactory tracts indicate that the 
main and accessory olfactory bulbs exert little direct control 
over nest building and food piling, other than to reduce their 
occurrence in some odor environments. The eventual disap- 
pearance of nest building and food piling in this study does 
not appear to be directly related to impairment of chemosen- 
sory function. Similarly, the delayed loss of sexual behavior 
in four animals might be only indirectly a result of loss of 
chemosensory function. These gradual behavioral changes 
may result from secondary structural, neurohumoral, or 
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hormonal changes produced by transections of the efferents 
from the main olfactory bulbs to posterior olfactory target 
areas. 

The results of this study demonstrate the advantages and 
importance of using anatomical tracing methods for the 
evaluation of neural damage after lesions or knife cuts in the 
brain. Standard histological techniques did not allow us to 
discriminate between groups | and 2 (Tables | and 2) on the 
basis of the amount of sparing of AOB projections to the 
amygdala. The autoradiographic tracing technique, on the 
other hand, proved to be much superior for distinguishing 
among different amounts and kinds of neural disruption. We 
feel that this approach, emphasized earlier by Devor [5], can 
make important contributions to the evaluation of lesions in 
behavioral studies. 
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SIMANSKY, K. J., C. JEROME, A. SANTUCCI AND G. P. SMITH. Chronic hypodipsia to intraperitoneal and 
subcutaneous hypertonic saline after vagotomy. PHYSIOL. BEHAV. 28(2) 367-370, 1982.—Recent studies suggest that 
the decreased drinking response to hypertonic saline produced by bilateral subdiaphragmatic vagotomy (VGX) is a function 
of the route of saline administration and the length of postoperative recovery. We determined the effects of VGX on 
drinking during the two hours after intraperitoneal and subcutaneous injections of 0.25, 0.5 and 1.0% body weight doses of | 
M NaCl 30 weeks after surgery. Regardless of the route of injection of saline, VGX rats took longer to initiate drinking and 
drank less water after the two highest doses than controls. Although VGX rats drank less than controls after both routes of 
injection, the decrease in water intake was greater after intraperitoneal administration. We conclude that, since both 
deficits were obtained regardless of the route of saline injection 30 weeks after surgery, route of administration and length 
of postoperative recovery are not important factors for demonstrating impairments in the drinking elicited by hypertonic 
saline after total abdominal vagotomy under our experimental conditions. 
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RECENT studies have implicated a major and unsuspected 
role for the subdiaphragmatic vagus nerve in the drinking 
response elicited by hypertonic saline. Thus, bilateral tran- 
section of the abdominal vagus with the hepatic branch 
spared [6,7], or lesioned [10,11], prolonged the latency to 
drink and reduced water intake after intraperitoneal [6, 7, 10, 
11] or intragastric ({1] F. S. Kraly and G. P. Smith, unpub- 
lished observations) administration of hypertonic NaCl in 
the rat. Vagotomy also delayed drinking after infusion of 
NaCl into the hepatic-portal vein [10] and attenuated water 
intake after infusion of NaCl into the jugular vein [13]. 

In contrast to this evidence, however, Moore-Gillon [12] 
reported that abdominal vagotomy failed to change the drink- 
ing response to hypertonic saline when the saline was in- 
jected subcutaneously. He hypothesized that the drinking 
deficit produced by vagotomy was a function of the route of 
administration of the salt. In addition, Anika ef a/. [1] ob- 
served that vagotomized rats drank normally after hyper- 
tonic saline when tested 16 weeks postoperatively even 
though they drank less than controls eight weeks after 
surgery. Although their finding conflicted with an earlier re- 
port by Kraly [6] demonstrating such a deficit 24 weeks 
postoperatively, Anika et al. [1] proposed that vagotomized 
rats will drink normally after hypertonic saline if allowed 
sufficient time to recover. 


The results of these contradictory studies, therefore, 
suggest a more limited view of the vagal lesion effects on 
drinking. Accordingly, the present study evaluated these 
proposed limitations by comparing the effects of abdominal 
vagotomy on drinking after intraperitoneal and subcutaneous 
injections of hypertonic saline in the same rats. This com- 
parison was made 30 weeks after surgery to allow for the 
possibility of recovery of function. We report that total bilat- 
eral subdiaphragmatic vagotomy produces a persistent defi- 
cit in the drinking elicited by hypertonic saline regardless of 
the route of salt administration after this prolonged postop- 
erative period. 


METHOD 

Subjects 

Sixteen male Sprague-Dawley rats (Hormone Assay Co., 
Chicago, IL) were housed individually in suspended wire 
mesh cages and maintained at 22+1°C and on a 12:12 hr 
light/dark cycle with lights on at 0730. Beginning 10 days 
prior to surgery, all rats were given ad lib access to tapwater 
and liquid milk diet consisting of one can (300 ml) Magnolia 
Brand sweetened condensed milk, one can water, 0.5 ml 
formaldehyde solution (37% w/v), and 1.0 ml Poly-Vi-Sol 
Multiple Vitamins with Iron (a gift of Mead-Johnson; 
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Evansville, IN). The food and water were provided in in- 
verted 100-ml graduated glass cylinders fitted with rubber 
stoppers and stainless spouts. At the time of surgery, the 
rats weighed 270-332 g. 


Surgery 


Total bilateral subdiaphragmatic vagotomy (VGX; n=8) 
and surgical control procedures involving sham vagotomy 
(n=8) were performed under Chloropent (Fort Dodge Lab- 
oratories, Inc.; Fort Dodge, IA) anesthesia (2 to 3 ml/kg, IP). 
VGX rats were prepared by the method of Kraly er al. [8], 
with the exception that the vagal innervation of the liver was 
interrupted by sectioning the anterior vagal trunk above the 
bifurcation of the hepatic branch. The left vagal trunk was 
transected similarly at this level. 

Briefly, the stomach was pulled out of the abdomen 
through a 5-cm midline abdominal incision and gentle, but 
firm, traction was applied to the stomach through a stay 
suture of 3-0 silk in the greater curvature to facilitate expo- 
sure and manipulation of the esophagus. The lobes of the 
liver were reflected and held to the surgeon’s left with a 
cotton swab and the anterior (right) and posterior (left) vagal 
trunks were identified with the aid of a Zeiss dissecting 
microscope (10-16). Each major trunk was then carefully 
separated from the esophogeal wall, two 3-0 silk ligatures 
were tied in each trunk 1-2 cm apart with the superior liga- 
tures above the level of the hepatic branch, and the interven- 
ing section of each trunk was cut. These sutures helped to 
prevent regeneration and reconnection of the cut ends and 
facilitated verification of the vagotomy at the end of the ex- 
periment. The stomach was then returned to its normal posi- 
tion, the gastric stay suture was removed, the abdominal 
wall was closed with 3-0 silk, and the skin was closed with 
wound clips. Sham vagotomy consisted of the same proce- 
dure, except that the vagal trunks were not separated from 
the esophagus, tied, or transected. All rats were returned to 
their home cages immediately after surgery. Food and water 
were withheld for the first 24 hr postoperatively. 


Verification of Vagotomy 


Vagotomy was verified anatomically with the dissecting 
microscope (10-16) within 2 weeks after the conclusion of 
behavioral testing. Verification of all VGX and control rats 
was performed in random order by G. P. S., who had no 
knowledge of the drinking responses of the individual rats. 

Rats were sacrificed for autopsy with an IP overdose of 
Chloropent. The vagal branches were located at the mid- 
thoracic level and carefully dissected caudally following 
their course to the liver, stomach, and coeliac plexus. As in 
previous studies reported from this laboratory (e.g., [8]), the 
criterion for complete vagal transection was the lack of visi- 
ble continuity for both the anterior and posterior vagal 
branches, between the more rostral cut end of that branch on 
the esophagus and vagal fibers at the base of the esophagus 
or on the stomach. 

Vagal innervation was judged to be intact in all 8 control 
rats subjected to laparotomy and sham vagotomy. Two of 
the VGX rats became hypophagic and severely debilitated 
during the study and were removed from the experiment. 
The remaining 6 VGX rats appeared healthy and behav- 
iorally responsive and were judged to have complete bilat- 
eral transection of the abdominal vagus by the strict criterion 
noted above. In addition, animals in which the vagal inner- 
vation of the stomach was interrupted by subdiaphragmatic 
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FIG. 1. Two-hour water intakes (means+SE) of six vagotomized 
(circles) and eight control (triangles) rats after injection of three 
doses of | M NaCl. Open symbols represent intakes after intraperi- 
toneal injections and closed symbols intakes after subcutaneous in- 
jections. Vagotomized, but not control, rats drank significantly more 
after subcutaneous injections than after intraperitoneal injections 
(p <0.01). Controls drank significantly more water than vagotomized 
rats regardless of the type of injection (Analysis of Variance, 
p<0.01, see text). 


vagotomy characteristically had large, distended stomachs 
containing a cast of matted hair and milk. 


Procedure 


Drinking elicited by IP or SC (between the scapulas) ad- 
ministration of three doses of hypertonic saline was deter- 
mined beginning 30 weeks after vagotomy. VGX and control 
rats were tested for drinking after injections of 1 M NaCl in 
the following order: 0.5% body weight (BW) SC; 1.0%BW 
SC; 0.5% BW IP; 0.25% BW IP; 0.25% BW SC; and 1.0% 
BW IP. Baseline determinations using the relevant dose and 
route of injection of 0.15 M NaCl were made on the day 
preceding each hypertonic test. For each test, the rats were 
weighed, the milk diet was removed from the cage, and the 
appropriate injection was given. Water intakes were re- 
corded 15, 30, 60, and 120 min after injection. In addition, 
latencies to initiate drinking were recorded. Testing was 
conducted from 1300-1500 hr. 

The 30-week postoperative interval was chosen to exceed 
the longest recovery period previously reported for the defi- 
cit in hypertonic saline-induced drinking after abdominal va- 
gotomy. In addition, however, we also determined that the 
VGxX rats drank less (0.9+0.4 ml/100 g BW; mean+SE) dur- 
ing the 2 hr after an IP injection of 1.0% BW of 1 M NaCl 
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than intact controls (3.0+0.5 ml), 7(12)=3.11, p<0.01 (two- 
tailed test), when tested 3 weeks after vagotomy. This, there- 
fore, established that the vagotomized rats employed in the 
later IP and SC testing suffered from the same drinking defi- 
cit observed in other studies early in the recovery period (see 
above). This 3-week interval was sufficiently long to permit 
the VGX rats to fully recover their ability to maintain body 
weight on the milk diet and water. At this time, the 6 VGX 
rats weighed 321+ 15 g and the 8 controls weighed 344+ 10 g; 
t(12)=1.35, p>0.10 (two-tailed test). At the beginning of the 
30 week testing, the controls weighed significantly more 
(540+15 g) than the VGX rats (392+24 g); 1(12)=5.56, 
p<0.01. 


Data Analysis 


Two-hour water intakes after hypertonic saline were 
compared to the 2-hr baseline intakes after isotonic saline by 
one-tailed t-tests of the difference scores. The effects of 
vagal trasection, dose of hypertonic NaCl, and route of ad- 
ministration of the postinjection water intakes and latencies 
to initiate drinking were determined in separate three-factor 
analyses of variance with Group as the between factor and 
Dose and Route the within factors. Analysis of the intakes 
was performed with the data expressed as ml/100 g BW to 
adjust for the differences between VGX and control weights 
noted above. Analysis of the latencies was made after trans- 
formation of the data to reciprocals to normalize the skewed 
distributions [4]. Simple effects were tested by follow-up 
F-test and comparisons among means by Tukey’s HSD test 
using the appropriate error terms [5]. 


RESULTS 
Water Intake 


Vagotomy decreased water intake in response to hyper- 
tonic saline 30 weeks after surgery (Fig. 1), F(1,12)=9.58, 
p<0.01. VGX rats drank less than controls after either IP 
(p<0.01) or SC (p<0.05) injections. Thus, vagotomy at- 
tenuated drinking after hypertonic saline regardless of the 
route of administration of the salt. The magnitude of the 
deficit was dependent on the dose of 1 M NaCl administered: 
VGxX rats drank significantly less than controls after injec- 
tion of the 0.5% BW (p<0.05) and 1.0%BW (p<0.01) doses 
of hypertonic saline, but not after the lowest dose. These 
findings reflected a significant interaction between Groups 
and Dose, F(2,24)=15.61, p<0.01. Further analysis of this 
interaction demonstrated that the water intake of controls 
was directly related to the dose of solute injected (p <0.01 for 
all dose comparisons); in contrast, VGX rats drank more 
after each of the two highest doses than after 0.25% BW of | 
M NaCl (both ps <0.01), but the intakes after the two highest 
doses did not differ. 

Although vagotomy reduced drinking after both routes of 
injection of hypertonic saline, VGX rats drank more after SC 
than after IP injections of the three doses (p<0.01). This 
difference did not occur in the control group. Furthermore, 
while controls increased their water intake above baseline 
after each of the six injections of 1 M NaCl (all ps<0.01), 
VGxX rats failed to drink significantly more after 0.25% BW 
of hypertonic saline injected IP than after the same volume 
of isotonic saline. There were no differences between the 
baselines (0-0.2 ml/100 g BW) of the two groups. 

These results, therefore, demonstrated that abdominal 
vagotomy produced a deficit in water intake elicited by 
hypertonic saline injection which persisted for at least 30 
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FIG. 2. Latencies (means+SE) to initiate drinking of six vagoto- 
mized and eight control rats after injection of three doses of | M 
NaCl. The symbols are the same as in Fig. 1. Controls began drink- 
ing after shorter latencies than vagotomized rats (Analysis of Vari- 
ance, p<0.01, see text). 


weeks after surgery and was independent of the route of 
injection. This deficit is most simply characterized as a de- 
crease in the maximal drinking response in the dose range 
tested. In addition, vagotomy produced an apparent increase 
in the threshold for drinking after IP injection of hypertonic 
saline; we did not test a sufficiently small dose after SC 
injection to determine if a similar threshold change occurred 
with that route of administration. Taken together, these data 
established that the vagotomized rats remained sensitive to 
the behavioral demand for water produced by hypertonic 
saline, but drank less after IP than after SC administration of 
the solute and less than intact controls regardless of the type 
of injection. 


Latencies 

In addition to drinking less water after injection of hyper- 
tonic NaCl, vagotomized rats took longer to initiate drinking 
than the controls (Fig. 2). The overall mean latencies to re- 
spond were 27.7+5.9 min for the VGX rats and 10.9+2.5 min 
for the controls. Analysis of variance of the reciprocals of 
the latencies gave significant differences for Groups, 
F(1,12)=14.28, p<0.01, and Dose, F(2,24)=5.76, p<0.01, 
but not for Route, F(1,12)=1.67, p>0.10, or for any of the 
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interactions (all ps>0.10). Thus, the increased latency to 
drink in response to hypertonic saline after abdominal va- 
gotomy was not affected by the route of injection. 

Although the VGX group took longer to respond to hyper- 
tonic NaCl, examination of the cumulative time courses of 
postinjection water intakes failed to reveal a general shift in 
drinking towards the end of the test period by the lesioned 
rats. Thus, for example, both VGX and intact rats drank 
90-100% of their total 2-hr intake during the first hour of the 
test. Two of the 8 controls drank 1-4 ml during the second 
hour of water access after SC and IP injection of 1.0% BW of 
1 M NaCl. Similarly, 2 of the 6 VGX rats drank 1 and 2 ml, 
respectively, during this period after SC injection. No VGX 
rats, however, drank during the second hour after IP injec- 
tion of this dose. These data, therefore, demonstrated that 
the smaller water intakes of vagotomized rats were not an 
artifact of the duration of the test. 


DISCUSSION 


These data establish that total bilateral subdiaphragmatic 
vagotomy produces a chronic deficit in the drinking response 
elicited in rats by either intraperitoneal or subcutaneous in- 
jections of hypertonic saline. Thus, this drinking deficit is 
not, as Moore-Gillon [12] suggested, a function of the route 
of administration of the salt. Moreover, the demonstration 
that vagotomized rats fail to drink normally after hypertonic 
saline injections 30 weeks after surgery contradicts the sug- 
gestion by Anika ef al. [1] that rats can recover from this 
deficit after a long postoperative period. Our finding, in- 
stead, is consistent with the previous report by Kraly [6] that 
vagotomy produces a persistent deficit in this ingestive be- 
havior. Indeed, the present study extended the postoperative 
interval before testing by one month. 

The experimental conditions of this study were chosen to 
maximize the probability of obtaining detectable, or normal, 
drinking in the vagotomized rats. Thus, in addition to the 
protracted recovery period employed, the animals were 
maintained on liquid diet throughout the course of the study. 
Previous evidence [6] had shown that vagotomized rats drink 
more reliably after injection of hypertonic NaCl when main- 
tained on liquid rather than solid food. Nonetheless, the 
lesioned rats still displayed a deficit in their drinking re- 
sponse to hypertonic saline. It seems clear, therefore, that 
using microsurgical techniques for vagotomy and a conser- 
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vative neuroanatomical criterion for verification helps to 
ensure the detection of postvagotomy behavioral impair- 
ment. The different results obtained in other studies examin- 
ing the behavioral effects of abdominal vagotomy, including 
those cited above, may be related to the functional criteria 
employed to assess completeness of vagotomy. These tests 
may be insufficiently sensitive to the presence of remaining 
vagal fibers or may reflect the loss of vagal function which is 
not sufficient for the deficit in drinking. 

Although vagotomy produced obvious drinking deficits 
after both subcutaneous and intraperitoneal injection of the 
salt, the attenuation of water intake was significantly larger 
after intraperitoneal administration. This differential effect 
presumably reveals a dissociation in some component of the 
peripheral response to this challenge. However, there is no 
readily apparent physiological explanation for this phenom- 
enon. For example, the results of previous studies suggest no 
related dissociation in postinjection increases in serum Os- 
molality [9]; latency to achieve the threshold change in os- 
motic pressure for drinking [3,4]; peak change in postinjec- 
tion serum osmolality [9]; or the rates of excretion of the 
solute load [9]. 

It might be argued, alternatively, that the intraperitoneal 
injections are more noxious and, hence, more debilitating 
that subcutaneous injections. Similar conclusions have been 
offered for the failure of rats with lateral preoptic lesions to 
drink after intraperitoneal injection of hypertonic saline al- 
though they respond normally after intravenous infusion [2]. 
We observed no difference, however, in the responses of 
vagotomized or control rats to the transient pain induced by 
the two types of parenteral injections. 

The results of the present study therefore confirm and 
extend previous reports that complete abdominal vagotomy 
produces major deficits in drinking elicited by hypertonic 
saline. The meaning of this phenomenon is not yet clear. It 
could represent the loss of a phasic, stimulus-contingent 
event, such as receptor activation and vagal afferent dis- 
charge, or the loss of a tonic, facilitatory vagal input to the 
central nervous system that organizes drinking in response 
to cellular dehydration. Whatever mechanism is suggested 
by further experiment, the available data demonstrate that 
the abdominal vagus is an important component of the phys- 
iological system for drinking after hypertonic saline. 
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JEROME, C. AND G. P. SMITH. Gastric vagotomy inhibits drinking after hypertonic saline. PHYSIOL. BEHAV. 28(2) 
371-374, 1982.—Rats with bilateral subdiaphragmatic vagotomy drank later and less in response to cellular dehydration 
produced by hypertonic saline. In an attempt to localize this deficit neurologically, we performed selective gastric, hepatic 
or coeliac vagotomies. The drinking responses of such selectively lesioned rats were compared with total bilateral vagoto- 
mized rats and sham operated rats after 0.15 M and 1 M NaCl (1% BW). Gastric vagotomy reproduced the drinking deficits 
that occurred after total vagotomy, but hepatic and coeliac vagotomies did not. These results demonstrate that disconnec- 
tion of the gastric vagal fibers is the necessary and sufficient lesion of the abdominal vagal system for decreasing the 


drinking response to hypertonic saline. 
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BILATERAL subdiaphragmatic vagotomy decreases the 
drinking response to hypertonic saline [1, 5, 6, 7, 8, 9, 10, 
11]. Vagotomized rats have longer latencies to drink and 
they drink less than normal rats in the 2 hr after hypertonic 
saline administered intraperitoneally [5, 6, 7, 9], intravenously 
[8,10], intragastrically [1], and subcutaneously [11]. Kraly [5] 
and Martin [7] demontrated that the right (anterior) and left 
(posterior) major vagal trunks must both be lesioned to 
produce the deficit, but apparently lesion of the hepatic 
branch is neither necessary [5,6] nor sufficient [7] to produce 
this deficit. It is possible that the drinking deficit can be 
produced by transection of only some of the distal vagal 
branches. We investigated that possibility in the present ex- 
periment and found that transection of the gastric branches 
reproduces the drinking deficit observed after complete 
bilateral vagotomy, but transection of the coeliac and hepatic 
branches did not. 

The effect of transection of the gastric, coeliac or hepatic 
vagal branches on drinking in response to hypertonic saline 
was examined in the following experiment. 


METHOD 
Subjects 


Eighty-one male Sprague-Dawley albino rats (400-659 g) 
were housed and tested in individual hanging wire mesh 
cages on a 12:12 hr light/dark cycle; the light cycle began at 
0700. Two weeks prior to surgery, all rats were adapted to a 
sweet milk diet (1 can Magnolia Condensed Milk: 100 ml 
water: 11 g vitamin powder ICN Nutritional Biochemicals, 
Cleveland, OH). This diet and tap water were available ad lib 
from graduated cylinders fitted with stainless steel spouts. 
Rats were maintained on the milk diet throughout the exper- 
iment. 


Surgery 


All surgery was performed under Chloropent anesthesia 
(2.5 ml/kg, IP, Fort Dodge Laboratories, Inc., Fort Dodge, 
IA). A schematic representation of the abdominal vagal 
trunks, their major branches, and the levels at which nerve 
transections were made for each surgical group is given in 
Fig. 1. Bilateral subdiaphragmatic vagotomy (n=21) was 
carried out in the following way: A 5-cm midline incision was 
made in the abdomen and the abominal muscles were re- 
tracted to provide wide exposure of the upper abominal or- 
gans. A 3-0 silk stay suture was placed along the greater 
curvature of the stomach. Gentle traction was placed on the 
stomach by clamping a hemostat on the free ends of the 
suture and letting the hemostat hang over the edge of the 
operating table. This traction exposed the abdominal 
esophagus and the lower portion of the thoracic esophagus. 
The lobes of the liver were displaced to the right with moist 
gauze sponges. A Zeiss dissecting microscope (6-10) was 
used to identify the two major vagal trunks lying along the 
right and left sides of the esophagus just as they emerged 
below the diaphragm. Two 3-0 silk sutures were tied around 
each vagal trunk, 1-2 cm apart, and the nerve in between the 
sutures was then sectioned. The upper suture on the right 
vagal trunk was placed above the point where the hepatic 
branch begins. The lower suture was placed at a point near 
the esophagogastric junction before the right trunk branches 
onto the anterior surface of the stomach. The upper suture 
on the left trunk was tied near the diaphragm and the lower 
suture was tied just above the point where the left trunk 
divides into the coeliac and posterior gastric branches. The 
sutures restricted regeneration of transected fibers and 
facilitated anatomic verification of denervation at the con- 
clusion of the experiment. 
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FIG. 1. Schematic representation of total and selective vagotomies. 


Resection of the hepatic branch, gastric branches or 
coeliac branches were carried out in a similar manner. Sec- 
tion of the hepatic branch (n=14) consisted of sectioning a 
5-10 mm segment of the nerve that was isolated by two 3-0 
silk sutures. This branch runs toward the right of the animal 
and curves up at about a 45° angle to penetrate the liver. It is 
accompanied by blood vessels. 

The highest point of section of the gastric branches 
(n=20) was along the lower esophagus below the hepatic 
branch on the right and the coeliac branch on the left. Con- 
siderable care was taken to dissect out and cut the posterior 
gastric branch between sutures after it diverged from the 
coeliac and passed with the blood vessels toward the 
posterior surface of the stomach. 

The coeliac branch (n=8) was sectioned distal to a suture 
that was placed on the nerve as it entered the coeliac bundle. 
The bundle was then dissected and a suture placed around 
the most prominent nerve fibers at a point approximately 1-2 
cm distal to where the coeliac branch entered the bundle. 
The fibers between the sutures were removed and the artery 
and vein were carefully stripped and sometimes they were 
painted with 70% alcohol. Accessory coeliac branches from 
the right vagal trunk were also sectioned when they were 
present. In 2 rats, the entire coeliac bundle of vessels and 
nerve fibers was sectioned between sutures. 

Combined coeliac and hepatic transection (n=8) con- 
sisted of sectioning the coeliac and hepatic branches as de- 
scribed. This left only the gastric branches intact. 

After the nerves were sectioned, the gauze sponges and 
the gastric stay suture were removed, and the stomach and 
liver were replaced in their normal position. The peritoneum 
and muscle layers were closed with interrupted sutures of 3-0 
silk and the skin was closed with wound clips. Sham vagot- 
omy (n=10) consisted of the same operative procedure ex- 
cept that no vagal branch was touched. 

Following surgery, all rats were returned to their home 
cages; food and water were withheld for 24 hr. 


Verification of Vagotomy 


At the conclusion of the experiment, rats were sacrificed 
and completeness of the specific vagal disconnection was 


determined by G. P. S. with the aid of the Zeiss dissecting 
microscope (6-40) without knowledge of the drinking be- 
havior. The vagotomies were judged complete if no nerve 
fibers were observed to connect the cut ends. Any connec- 
tion between the cut ends, no matter how small or doubtful, 
was considered sufficient evidence of incomplete vagotomy 
and the data from that rat was discarded. 

Using this verification procedure, 20 of 21 total vagoto- 
mized rats (T), 15 of 20 gastric vagotomized (G), 5 of 8 
coeliac vagotomized rats (C) including the 2 rats with section 
of the coeliac bundle, 14 of 14 hepatic vagotomized rats (H), 
and 7 of 8 combined coeliac-hepatic vagotomized rats (CH) 
were judged to have complete disconnections. Vagal inner- 
vation was judged to be intact in all 10 sham-operated rats. 


Procedure 


All rats were tested 1-4 months after surgery except for 3 
G rats that were tested 16 days after surgery and 5 T rats that 
were tested 14 days after surgery. There was no apparent 
difference in the drinking response as a function of time of 
postoperative testing. Whenever the drinking tests were per- 
formed, food and water intakes were stable and body 
weights of vagotomized rats were 90-95% of sham rats’ body 
weights. 

Rats were tested for drinking after 0.15 M NaCl, IP, 1.0% 
body weight (BW), and after 1 M NaCl, IP, 1.0% BW. Liquid 
food and water were available until 1300 on the test day. 
Food was then removed and rats were weighed. Tap water, 
but not food, was available until the conclusion of the test, at 
which time food was returned. At 1330, rats were injected 
with either 0.15 M NaCl or 1 M NaCl and returned to their 
cages. Latency (min) to initiate drinking was determined for 
each rat, and water intake (ml) was measured at 0, 15, 30, 45, 
60, 90 and 120 min. At 120 min, food was returned. Tests 
were separated by one day and each rat was tested once 
under both conditions. 


Data Analysis 


Analysis of Variance was performed for comparisons 
among all groups for water intake (ml per 100 g BW) at 30, 60 
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FIG. 2. Mean cumulative water intakes after IP administration of 1 
M NaCl, 1.0% BW. *Significantly different from sham (n=10), 
p<0.01, Dunnett's test. T is bilateral abdominal vagotomy (n=20); G 
is gastric vagotomy (n=15); H is hepatic vagotomy (n=14); C is 
coeliac vagotomy (n=5); and CH is combined coeliac and hepatic 
vagotomy (n=7). 


and 120 min after hypertonic administration. Individual 
between-groups comparisons were then made with Dun- 
nett’s test. 

The data for the latency to drink after hypertonic saline 
did not meet the assumptions necessary for parametric 
analysis. A Kruskal-Wallis one-way analysis of variance by 
ranks was performed on these data, for comparisons among 
all groups, and individual between-groups comparisons were 
made with the Nemenyi test [6]. 

All rats drank 0-1 ml in 2 hr following IP injection of 0.15 
M NaCl and there were no differences between groups on 
this measure for water intake or latency to drink. Therefore, 
these control data were not included in the analysis. 


RESULTS 


Gastric vagotomized rats drank like total vagotomized 
rats—they drank little and they drank late. No other selec- 
tive vagotomy produced these effects. 

Water intake (ml/100 g BW) after hypertonic saline (Fig. 
2) was significantly different between groups at 30 min, 
F(5,65)=9.13, p<0.001; 60 min, F(5,65)=11.38, p<0.001; 
and 120 min, F(5,65)=11.46, p<0.001. Gastric vagotomized 


TABLE | 


LATENCY TO DRINK AFTER HYPERTONIC SALINE 
IN VAGOTOMIZED RATS 





Group Latency to Drink in min 





Sham 
Gastric 
Total 
Coeliac 
Hepatic 
Coeliac and 
Hepatic 


5.2 (2.8-15.1) 
20.5 (4.7—120)* 
17.8 (3.8-120)* 
5.9 (0. 1-15.6) 
10.0 (3.5—22.0) 


7.5 (2.4-13.3) 





Latency values are medians. Values in parentheses are ranges. 
*Significantly different from sham, p<0.01, Nemenyi test. 
+Latency data for 3 animals were not available 


rats drank significantly less than sham rats at 30 min, 
D(6,65)=5.24; at 60 min, D(6,65)=5.15; and at 120 min, 
D(6,65)=5.61, all p’s <0.01. Total vagotomized rats also 
drank significantly less than sham rats at 30 min, 
D(6,65)=5.11; at 60 min, D(6,65)=5.50; and 120 min, 
D(6,65)=5.50, all p’s <0.01. In contrast, hepatic, coeliac, 
and combined coeliac-hepatic vagotomized rats did not drink 
significantly less than shams at any of the 3 times (Fig. 2). 

When water intake after hypertonic saline was not cor- 
rected for body weight, H rats also drank less than sham rats 
at 30, 60 and 120 min (Dunnett’s test, »><0.05), but C and CH 
rats did not. The 120 min water intake (ml+S.E.) for each 
group was: Sham (17.3+0.9), C (13.4+1.9), CH (15.6+2.2), 
H (11.7+1.3), G(4.4+1.2) and T (5.2+1.1). Although H rats 
drank less than sham rats, H rats drank significantly more 
than G or T rats (Tukey’s test, p<0.01). They did not drink 
significantly less than C or CH vagotomized rats (Tukey's 
test). 

Latency to initiate drinking following administration of 
hypertonic saline (Table 1) was also significantly different 
between groups, x*(5)=30.94, p<0.001. Of the selective va- 
gotomized rats, only G rats drank significantly later than 
sham rats (p<0.01). Nine of ten sham rats initiated drinking 
in the first 15 min, but only 5 of 15 G rats drank in that time 
period, and 4 G rats never drank during the 2 hr test. T rats 
also drank significantly later than sham rats (p<0.01). Only 8 
of 20 T rats drank in the first 15 min. In contrast, C, H, and 
CH rats drank as quickly as shams. Four of 5 C, 7 of 11 H, 
and all 7 CH rats drank in the first 15 min. 


DISCUSSION 


These results demonstrate that transection of the gastric 
branches is the necessary and sufficient lesion of the abdom- 
inal vagal system to disrupt drinking after hypertonic saline 
injection in the rat. Lesions of all other abdominal vagal 
branches had little or no effect. To be effective the lesion 
must be bilateral because lesions of the right or left major 
trunk which disconnect the right or left gastric branches re- 
spectively (Fig. 1) do not alter drinking after hypertonic 
saline [5,7]. 

Our results do not delineate the relative contribution of 
the loss of gastric afferent or efferent fibers. The failure of 
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anticholinergic blockade to inhibit drinking after hypertonic 
saline ({2,3] and our unpublished data) suggests, but does not 
prove, that the loss of cholinergic efferents is not crucial for 
the effect of gastric vagotomy. 

Our results also do not disclose what function has been 
lost. All that has been demonstrated is partial (Fig. 1; [9, 10, 
11]) or total (Results; see also [5,6]) loss of the drinking 
response to hypertonic saline. This decreased responsive- 
ness could be due to the loss of a phasic, stimulus contingent 
function and/or to the loss of a tonic, facilitatory function. 
Since the gastric vagal fibers have not been considered to 
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have either of these functions, further characterization of the 
function lost after gastric vagotomy will clarify the puzzling 
role of abominal vagal mechanisms in the rat’s drinking re- 
sponse to hypertonic saline. 
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SIEGFRIED, B. AND S. GOZZO. Strain differences in recovery from sensorimotor neglect after unilateral globus 
pallidus lesions in mice. PHYSIOL. BEHAV. 28(2)375—-379, 1982.—Recovery of somatosensory orientation after unilateral 
electrolytic lesions of globus pallidus was studied in two inbred strains of mice (C57BL/6, Sec 1/ReJ). During the first four 
post-lesion days mice of both strains did not react to tactile stimuli (von Frey hair of 2 g intensity) applied to the thorax area 
contralateral to the lesion. Successively, there was a gradual replacement by non-oriented activation and incomplete 
oriented responses, followed by normal precise orientation. Recovery of orientation proceeded at a significantly higher rate 
in C57 mice. After a period of four months C57 mice reached a recovery level of 91% in comparison to 56% of Sec mice. The 
genotype dependent differences of recovery mechanisms are discussed in terms of plasticity and dopaminergic systems. 
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BRAIN damage that produces behavioral deficits is followed 
by some degree of improvement in performance. Whereas 
many data are available which stress the importance of 
experience, drugs and age interacting with recovery proc- 
esses [4,5], less attention was paid to the effects of the 
genotype. Assessment of genotype dependent recovery 
mechanisms might be complicated by the fact that lesions 
per se produce strain dependent behavioral and physiolog- 
ical effects [2,12]. 

In this study a simple model was selected to investigate 
functional compensation of brain damage in two strains of 
mice, characterized by major differences in their behavioral, 
biochemical and physiological profile [13]. Unilateral elec- 
trolytic or 6-hydroxydopamine lesions situated along the 
course of ascending dopamine neurons (e.g., in globus pal- 
lidus) result in sensorimotor neglect, i.e., rats do not orient 
to sensory stimuli applied onto the side contralateral to the 
lesion [7, 9, 10, 15]. Animals with such brain injury show a 
remarkable capacity to recover from their deficits [10,17]. 
Thus, this type of lesion is preferable for the investigation of 
genotype Xrecovery interactions, since the effects as well as 
the recovery patterns are well documented. 


METHOD 
Male mice (Jackson Laboratory) of the C57BL/6 (C57, 





n= 16) and of the SEC 1/ReJ (SEC, n=16) strain, aged 11-12 
weeks and weighing 22-24 g at the beginning of the experi- 
ments, were used. They were housed in opaque plastic cages 
(27x21 13.5 cm) in groups of 4 animals per cage. The mice 
were maintained with food and water ad lib in a 12/12 hr 
light-dark cycle and tested during the light period. During the 
first 12 days after the lesion a dish of wet food (mash) was 
additionally placed into the cages. Unilateral lesions (right 
hemisphere) were placed in anesthetized mice (Nembutal 50 
mg/kg) fixed in the stereotaxic apparatus with bregma and 
lambda at horizontal plane at the following coordinates: 5 
mm anterior to lambda, 2 mm lateral to the midline and 3.7 
mm ventral from the point of contact with the dura. A 2 mA 
anodal direct current was passed for 7 sec through a stainless 
steel electrode (0.2 mm diameter) insulated except 0.5 mm 
across the tip. The circuit was completed by clamping the 
cathode to the tail. Eight mice per strain were lesioned. Eight 
sham lesioned mice per strain received the same treatment 
with the exception that no current was passed. 

All subjects were tested for orienting responses upon tac- 
tile stimulation, as described previously [16] at post-lesion 
days (PLD) 1 to 9, 12, 16, 21, 26, 43, 58, 90 and 120. The 
interjudge reliability of this test was shown to be very high 
(r=0.91, df=8, p<0.005). Each mouse was put in a circular 
closed Plexiglas box (diameter: 12 cm, height: 6.5 cm), 
equipped with slit-like openings (1 mm wide, 10 cm long, 3.4 


‘Send reprint requests to Bert Siegfried, Institute of Pharmacology, University Ziirich, Gloriastrasse 32, CH-8006 Ziirich, Switzerland. 
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FIG. 1. Comparative photomicrographs showing typical unilateral (right hemisphere) globus pallidus lesions in mice of 
the Sec (above) and C57 (below) strain. 





STRAIN DIFFERENCES IN RECOVERY 


cm from the floor). After an adaptation period of 3 min the 
mouse was stimulated with a von Frey hair of 2 g intensity. 
During a 10 to 15 sec period the stimulus was applied four 
times through the slit-like openings to each of the left and 
right thorax areas, while the mouse was not engaged in lo- 
comotor or grooming activities. The sequence of stimulating 
first left or right side per testing day was randomized. The 
ensuing responses were classified into four categories. Type 
4: normal responses: turning the head half way toward the 
stimulated side or rapid localization of the stimulus with or 
without biting. Type 3: incomplete or abnormal oriented re- 
sponses: turning the head one quarter way toward the stimu- 
lated side or displacing the whole body in an angle of 45° to 
the side of stimulation. Type 2: non-oriented activation re- 
sponses: straight forward locomotion or hyperreactivity 
(body or head shakes, body scratching with the hindlimb, 
jumping). Type 1: maximal deficit responses: no reaction or 
circling (one quarter to one half turn) to the side ipsilateral to 
the lesion. When mixed responses occured (e.g., hyperreac- 
tivity, type 2, overlapped with an incomplete oriented re- 
sponse, type 3) the most oriented response was scored (e.g., 
type 3). Recovery was expressed by summing up the differ- 
ent types of responses per animal and testing day, i.e., 4 
times type | response resulted in a score of 4 or 0% of re- 
covery while 4 times type 4 responses resulted in a score of 
16 or 100% of recovery. 

Following the behavioral experiments all mice were sac- 
rificed and the brains were fixed for ten days in a Dubosq- 
Brazil solution. They were embedded in paraffin, sectioned 
coronally at 30 um and stained with toluidine blue, according 
to the Nissl method. 


RESULTS 


Histological examination of the brains revealed similar 
damage of the neural tissue in both strains. Lesions were 
centrally located within the globus pallidus. In all mice 
globus pallidus appeared lesioned in 80-90% of his normal 
aspect as shown in Fig. | and Fig. 2. Lesion also involved 
neighbouring structures such as nucleus caudatus, putamen, 
commissura anterior and capsula interna to a maximal extent 
of 20-30%. 

In both strains unilateral lesions resulted in a complete 
deficit of orientation to tactile stimuli applied to the thorax 
area contralateral to the lesion during the first four postlesion 
days (100% type | responses), while the responses to ipsilat- 
eral stimulation were normal on all postlesion test days 
(100% type 4 responses; Fig. 3). Similarly, sham lesioned 
mice reacted normally to ipsi- or contralateral stimulation 
(100% type 4 responses). Analysis of variance (repeated 
measures on one factor) showed (a) that strains significantly 
affected the overall recovered responses, F(1,14)=21.3, 
p<0.001, (b) that subjects recovered as a function of time, 
F(16,224)=98.7, p<0.001, and most importantly (c) that 
strains recovered at different rates F(16,224)=9.83, p<0.001. 
Individual between strain comparisons (by f-tests for multi- 
ple comparisons) indicated that from PLD 9 to 120 the mean 
values were significantly higher for mice of the C57 strain (all 
comparisons: p<0.001). 

Maximal deficit responses were gradually replaced firstly 
by non-oriented activation responses (type 2) followed by 
incomplete oriented responses (type 3) and finally by normal 
orientation (type 4). This is indicated in Table 1 which shows 
for both strains, that the first type 2 response appeared sig- 
nificantly earlier than the first type 3 response, as the first 
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FIG. 2. Composite reconstruction of anterior, lateral, and posterior 
extent of lesions of the globus pallidus in C57 (n=8 right side) and 
Sec (n=8 left side) mice. Black area corresponds to the extent of 
lesion in any mice. Black plus stripped area corresponds to the 
extent of lesion in most mice (C57: n=6; Sec: n=7). The representa- 
tions are based on sections taken from the atlas of Sidman, Angevine 
and Taber Pierce (1971). Coronal sections from top to bottom: plate 
1: section 209; plate 2: section 231; plate 3: section 251; plate 4 
section 261; plate 5: section 281. 





I. I — 8 === = SV A—A =A — AB 


e—e C57 CONTRA 
SEC CONTRA 

a—« C57 IPSI 

a— SEC IPSI 


PERCENT RECOVERY 
a) 
° 
1 





r=) 
i 





. wvyewe ; = ww i . es 


T 
3-45-6789 -12:16:2126 - 4358 - 90-120 
POSTLESION DAYS 


FIG. 3. Recovery (in percent) from somatosensory neglect after 
unilateral globus pallidus lesions in mice of the C57 and Sec strain. 
Contra: tactile stimulation to the thorax contralateral to the lesion. 
IPSI: tactile stimulation to the thorax ipsilateral to the lesion. 
Abscissa: logarithmic scale. 


type 3 response appeared significantly earlier than the first 
type 4 response (see Table 1, within strain comparisons). 
Furthermore, strain differences in recovery are also ex- 
pressed by the significant earlier appearence of type 3 and 
type 4 responses in C57 mice when compared to Sec mice 
(see Table 1, between strain comparisons). 


DISCUSSION 


The present findings indicate that recovery of function 
after unilateral globus pallidus lesions is genotype depend- 
ent. Recovery of orientation to tactile stimuli proceeded in a 
significant higher rate in C57 mice. It might be interesting to 
note that recovery of orientation paralleled ontogenetic de- 
velopment of this response in the two strains [1], in that there 
was a gradual replacement of no responses with non oriented 
activation responses, successively followed by more precise 
oriented responses. Moreover, development of orienting re- 
sponses in C57 pups was significantly faster when compared 
to Sec mice [1]. From previous studies, which characterize 
mice of the SEC strain as behaviorally more plastic in com- 
parison to C57 mice [11], together with the finding that SEC 
mice fully recovered from septal lesions, placed at two days 
of age, while C57 mice showed more permanent effects [9], 
one might have expected a more rapid recovery in the SEC 
strain. However, this study indicates that, concerning 
reflex-like activities, the more mature and rigid programmed 
C57 strain shows more effective recovery systems. 


SIEGFRIED AND GOZZO 


TABLE | 


MEAN NUMBER OF DAYS (+SE) TO THE FIRST APPEARANCE OF 
TYPE 2, TYPE 3 AND TYPE 4 RESPONSES AFTER TACTILE 
STIMULATION OF THE THORAX AREA CONTRALATERAL TO 
THE UNILATERAL GLOBUS PALLIDUS LESIONS 





Type of response 


Strain Type 2 Type 3 Type 4 





C57 7.1+ 0.6 11.5 + 0.9*7 19.1 + 0.5*7 
Sec 8.0 + 0.3 16.1 + 1.67 95.4 + 9.17 





*Between strain comparisons (f-tests for independent means): 
type 2, n.s.; type 3, 1(14)=2.56, p<0.01; type 4, 7(14)=8.36, 
p<0.001. 

*Within strain comparisons (t-tests for related measures): type 3 
vs type 2, C57: 1(15)=3.67, p<0.001; Sec: 1(15)=7.23, p<0.001; type 
4 vs type 3, C57: 1(15)=6.33, p<0.001; Sec: #(15)=8.67, p<0.001. 


It is unlikely that these results were biased by the lesion 
per se, since the site of the lesion and the initial effects were 
essentially similar in both strains. Globus pallidus lesions 
predominantly affect striatal output since they sever pallidal 
outflow and probably transect strionigral fibres [3]. Fur- 
thermore they interrupt nigrostriatal fibres, most of which 
are dopaminergic and destroy dopaminergic terminals of a 
collateral projection of the nigrostriatal pathway to the 
globus pallidus [8]. Orientation to sensory stimuli was shown 
to depend on the ascending dopaminergic system [9, 10, 15] 
and it is generally believed that the behavioral recovery de- 
pends on an enhanced activity at residual dopaminergic 
synapses [17]. Thus, it might well be that the faster recovery 
observed in the C57 strain is due to a higher functioning of 
the remaining dopaminergic system, especially in the light of 
reported higher dopamine levels in this strain when com- 
pared to SEC mice [6]. However, the inattention after palli- 
dal injury is likely due to interruption of both nigrostriatal 
dopaminergic axons and striatal efferents. Thus, in addition 
secondary functional changes in non-dopaminergic systems 
might have been responsible for the genotype dependent 
difference in recovery rate, especially when asymmetry of 
orientation reflects changes in asymmetry of posture. 
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PHYSIOL. BEHAV 


28(2) 381-384, 1982.—Insensible weight loss has been used in large animals as an index of metabolic rate. By using the 
microprocessor controlled electronic balance to minimize the effects of movement, the feasibility of utilizing insensible 
weight loss as an estimate of metabolic rate in the rat is considered in terms of convenience and accuracy. Using various 
metabolic stimulants, a high correlation between insensible weight loss and metabolic rate was obtained. Moreover, a 
calculation is described that corrects for respiratory water loss and results in even higher correlations. These findings 
support the use of insensible weight loss as an indicator of metabolic rate in controlled situations for small animals. 


Body weight loss Indirect calorimetry 


RECENT research points towards the importance of energy 
output as a key determinant of body weight and as a poten- 
tially major etiological factor in the development of obesity 
[3,6]. Unfortunately, the accurate measurement of metabolic 
rate (MR) is a difficult task. Most of the necessary equipment 
is both expensive and limited to the measurement of one 
subject at a time. Furthermore, both direct measurement of 
MR and indirect methods using gas analysis require constant 
standardization, resulting in small time interval samples. 
Often these time intervals are too short to detect a small but 
significant change in MR. 

Almost fifty years ago, Mitchell and Hamilton [4] sug- 
gested that MR could be estimated fairly accurately by 
measuring the rate of insensible weight loss (IWL) in a non- 
fasting animal. Insensible weight loss refers to the very small 
change in body weight that occurs over short periods of time 
(hours) and is attributed primarily to the loss of water and 
carbon dioxide through respiration. 

Mitchell and Hamilton [4] reported good accuracy in 
using IWL as an indicator of MR in a fairly large animal, the 
steer. Today, however, most of the research on energy me- 
tabolism and body weight regulation is performed on smaller 
animals, most notably the rat. Since accurate measurements 
of body weight are required (nearest hundredth of a gram) 
and the rat, like other small mammals, is sufficiently active 
to make such measurements almost impossible, very few 
attempts have been made to use this technique for estimating 
MR in the rat. Fortunately, the microprocessor controlled 
electronic balance has been introduced in the last several 
years, which has the remarkable capacity to minimize the 
effects of activity in the measurement of body weight by 
making hundreds of measurements in a brief interval of time 
and then reporting the result as a mean, accurate to 0.01 g. 





Insensible weight loss 


Energy metabolism 


The purpose of the following studies was to estimate the 
feasibility of using IWL as a practical and accurate indicator 
of total MR in the rat. 


EXPERIMENT | 


The first experiment was designed to observe the degree 
of correlation between IWL and MR under a variety of con- 
ditions which produce variation in metabolic rate. 


METHOD 
Subjects and Treatments 


The subjects were a heterogeneous group of adult male 
and female Long Evans hooded rats (300-600 g). Animals 
were individually housed in stainless steel cages and allowed 
ad lib access to chow pellets and H,O. Treatments included 
drug injections (epinephrine, 200 pg/kg) and intubations 
(fenfluramine, 20 mg/kg), caffeine (15 mg/kg), cold exposure 
(acute 3 hr), and overfeeding (30 kcal intubated 3 hrs after 6 
hr feeding schedule, 3 hr lag, 30 kcal intubated, MR meas- 
ured). Each rat received a single treatment only once. Some 
rats were used in more than one treatment condition with a 
minimum of 7 days elapsing between treatments. All rats 
were fasted 22 hours prior to treatment. Testing began at 
approximately 9:00 a.m. and/or 1:00 p.m. 


Apparatus and Procedures 

Metabolic rate was estimated using the Haldane respi- 
rometer [2]. Figure 1 depicts a schematic drawing of the 
Haldane apparatus. 

The animal chamber consists of a standard 2.2 liter wide- 
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FIG. 1. Haldane apparatus used for measuring metabolic rate. 


mouth tinted glass jar with a screw tight lid equipped with 2 
tube fittings. 

Air from the room (constant temperature and humidity) is 
dried using Drierite (CaSO,) traps (Drierite drying medium) 
before entering the animal chamber, in which the animal 
consumes oxygen (O,), exhales water vapor (H,O) and car- 
bon dioxide (CO,), urinates and defecates. Water vapor and 
carbon dioxide are drawn out of the animal chamber and 
through two Drierite tubes which absorb the water vapor. 
The carbon dioxide is then drawn on through a tube of 
indicating (4-8 mesh) soda lime, which absorbs the carbon 
dioxide. This reaction releases water, which is picked up by 
another Drierite tube. A second CO, trap is attached to guard 
against trap saturation. Finally, the air reaches the vacuum 
pump (Gelman ‘‘Little Giant’’ model #13152) and is released 
back into the room. Flow meters (Gilmont, size no. 13) be- 
fore the animal chamber and after the last CO, trap allow 
monitoring of all seals. Absolute tightness of all seals is nec- 
essary for reliable results. Four animals were run in separate 
systems simultaneously, although all were drawn by the 
same vacuum pump. 

All weighings were made using a Sartorius Electronic 
Balance (Model MP 1264). The weights of all individual gas 
traps were made instantaneously to the nearest hundredth of 
a gram. To weigh the animal in the chamber the balance was 
programmed to average 120 readings taken once every half 
second. Weight measurements were made before and after 
each three hour trial. 

Oxygen consumption was calculated using the following 
equation: 


All variables are expressed in grams. Because all of the 
metabolic parameters are measured, the entire component 
variability is reliably due to metabolic variation alone. More- 
over, unlike gas analysis measurements where accuracy is 
dependent on constant temperature, this method measures 
gas weight rather than gas volume, thus is independent of var- 
iation in ambient temperature. Respiratory quotient (R.Q.), 
which is an important indicator of nutritional status, can be 
calculated by the following formula: 


R.Q. = CO,/O,. 
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FIG. 2. Scatter function between CO, production and insensible 
weight loss. Each point represents a single measurement. Each ‘*2”’ 
represents two equipositional independent measurements. 


The following experiments dealt mainly with fasting ani- 
mals which are known to maintain a constant R.Q. due to the 
almost exclusive oxidation of fat as the energy substrate [1]. 
Because of their consistency the conversion of CO, produc- 
tion to caloric expenditure was unnecessary in the determi- 
nation of MR. In situations where R.Q. might be variable, 
this conversion would be necessary to compare relative 
MR’s. Knowing the amount of CO, produced and the R.Q.., 
the total metabolic rate in calories can be calculated using 
tables provided by Brody [2]. 


RESULTS AND DISCUSSION 


Figure 2 shows the scatter function between IWL and 
CO, production. Two points should be noted. First, the 
different manipulations produced a fairly wide range of val- 
ues of CO, production and IWL. Second, the overall corre- 
lation between IWL and MR is 0.72, indicating a fairly strong 
relationship. 

One reason that an even higher correlation was not ob- 
tained may lie in the fact that the various manipulations may 
have caused a differential nonrespiratory water loss through 
changes in urine and/or fecal output. For example, cold ex- 
posure almost doubled total MR, as exhibited by an increase 
in IWL and CO, released. Water output, as measured in the 
air traps, actually showed a slight decrease. Furthermore, 
certain drugs such as caffeine not only increased MR but also 
produced a diuretic effect, thus causing a disproportionate 
increase in water loss. 

For these reasons, we performed a second experiment 
with a single manipulation known to increase MR without 
causing diuresis. 


EXPERIMENT 2 


The purpose of the following study was to observe the 
relationship between CO, production and IWL in response 
to various doses of epinephrine. 
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FIG. 3. Mean dose response curve for the eight animals over the 
four doses of epinephrine. 


METHOD 
Subjects and Treatments 


Eight adult female Long Evans hooded rats were used. 
Rats were individually housed and allowed ad lib access to 
chow pellets and water. Four animals were tested individu- 
ally in the apparatus on any one day, beginning at 8:30 a.m. 
The animals received either 0, 0.25, 0.5, or 1.0 mg/kg of 
epinephrine subcutaneously immediately before being 
placed into the apparatus. All rats were food deprived for 22 
hours prior to testing. Each animal was tested for 3 hours. 
On any single day all 3 doses of epinephrine and a saline 
control were used. The animals were tested every other day. 
Testing sequence followed a traditional Latin square design. 
The apparatus used was described in Experiment 1. 


RESULTS AND DISCUSSION 


Figure 3 shows the mean dose-response curve for the 
eight animals for the three doses of epinephrine and a saline 
control. As could have been expected, MR as indicated by 
CO, production is directly proportional to the dose of epi- 
nephrine injected. Analysis of variance indicates a signifi- 
cant effect of epinephrine on CO, production (F=8.58, 
p<0.01). 

The overall correlation between IWL and CO, however 
was only 0.51. This correlation coefficient was lower than 
that in the first experiment, in part, due to a smaller range of 
values examined. However, differential nonrespiratory 
water loss may have also increased the variability of the 
data. Even though we chose epinephrine because it does 
not have a diuretic effect, immediate bladder evacuation or 
excessive defecation, which could have resulted from epi- 
nephrine administration, could have led to artificially high 
IWL. 

It is possible, though, to estimate the amount of non- 
respiratory water loss from the amount of CO, produced. 
Since the animals were in a fasted state, the amount of res- 
piratory water loss is a fixed proportion of the amount of CO, 
produced [2]. By knowing the number of moles of CO, pro- 
duced, the moles of respiratory water produced can be calcu- 
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FIG. 4. Scatter function between CO, production and insensible 
weight loss corrected for non-respiratory water loss. Each point 
represents a single measurement. 


lated. When converted to grams, the difference between this 
value and the amount of water absorbed is the non- 
respiratory water loss and is then subtracted from observed 
weight loss. Figure 4 shows a scatter diagram of CO, pro- 
duced and IWL corrected for non-respiratory water. As can 
easily be seen, this correction procedure greatly elevated the 
correlation coefficient from 0.51 to 0.77. This significant in- 
crease indicates that non-metabolic water loss was indeed a 
major source of variation. Metabolic cages which would trap 
any urine or feces excreted would circumvent such a correct- 
ing procedure. 

The purpose of these studies was to examine the feasibil- 
ity of using insensible weight loss as an indicator of meta- 
bolic rate in the rat. The results show quite clearly that IWL 
can be used as a good indicator of metabolic rate, although 
several problems as well as their solutions were discussed. 

The major advantage of using IWL as a measure of MR is 
that many more animals can be examined at one time than 
can be examined with more conventional methods of direct 
or indirect calorimetry. Each individual weighing requires 
approximately 50 seconds. To measure IWL only two read- 
ings are necessary, one at the beginning and one at the end of 
the three hour period. Thus, 40 to 60 animals could be easily 
tested in one day. 

It is also important to point out that the longer the testing 
interval the greater the resolution power to detect small 
changes in metabolic rate, due to the fact that weight loss is 
cumulative. Moreover, since no recalibration is necessary, 
very long trials with multiple weighing and within subject 
manipulations are very practical. 

The major expense of this system is the microprocessor 
controlled electronic balance. This certainly makes the sys- 
tem much more expensive than a simple CO, absorber sys- 
tem [5], but is far less expensive than the cost of direct 
respiratory gas analyzer or thermocouple chambers with the 
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computer equipment that is usually required. The simple 
CO, system is limited to the measurement of metabolic rate 
over short intervals of time, usually on the order of minutes. 
Although this system may be appropriate for certain meas- 
urements, it is not sufficiently sensitive to measure small yet 
prolonged changes in metabolic rate such as produced by the 
specific dynamic action of food. Moreover, short measure- 
ment periods are considerably more prone to bursts in motor 
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activity, responses which considerably interfere with accu- 
rate estimates of resting metabolic rate. 

In short, the use of IWL as an estimate of metabolic rate 
is simple, reliable and quite accurate and could allow much 
more research to be carried out on the rate of the control of 
energy output in many biopsychological functions in the 
small mammal. 
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ANIMAL ACTIVITY METERS 
for rodents, fish, insects 


“OPTO-VARIMEX-3” 


fs OPTo ~ VARIMEX 
iid = we 


— 


Separates ambulatory from stereo- 
typic movements. 

Infrared beams principle (15 x 15 
beams). 

Separate Vertical Sensors. 

Plots pattern movements on X-Y Plot- 
ter. 

Interface to computer 

Perfect stability. 

Large size modei (1m x 1m) available. 


RESPIRATION METERS 


Measures respiration rate of unre- 
strained animal. No sensors attached. 
Animal cage periodically ventilated 
on 24-hour basis with fresh air. 
Models for single or eight animals. 
Prints results every 6 minutes. 
Principle: air pressure variations. 
Can work with air or other gases. 
Apnea alarms. 

Chart recorder outputs available. 


ROTA-ROD TREADMILLS 
“ROTAMEX-V” 


For testing locomotor coordination of 
rats or mice. 


e Constant speed or acceleration elec- 
tronically controlled. 
Equipped with five automatic timers. 
Measures simultaneously five (5) 
animals. 
Equipped with computer interface. 





COMPUTERIZED 
SHUTTLE BOXES 


“REFLEX-6” 


light and 
sound stimuli 


plastic 
removable tray 


stimulus 
"= intensity 
\ controls 


=) 


i, 
“™ control unit 





Computerized system controls six (6) 
shuttle boxes for reflex conditioning. 
Programmable intervals. 

Prints histograms 

Each box equipped with own sound, 
light and electric stimulus. Can be 
interfaced to other computers. 





DRINKING AND FEEDING 
MONITORS 
-- 





r B---s4 | 
> _¢- 

Eight (8) Animals Drinking Monitor With 
Printer (also available without printer for com- 
puter interacing). Counts number of licks on 


water dispenser. Electrical conductivity prin- 
ciple. Immune to electrical interference 


Four (4) Ani- 

mals Feeding Monitor (infrared beam interrup- 
tion principle). For monitoring number of visits 
to the food dispenser and total time animal 
spends eating 





STARTLE-REFLEX METERS 
Simultaneously Monitors 
Four (4) Animals 


“RESPONDER-IV” 


For rats or mice. d 
Measures precisely amplitude and 
latency of response using force plat- 
form. 

Automatically conducts experiment 
according to preset program and 
prints each result using printer. 
Acoustical and electrical stimulus 
available 

Individually programmable space 
between stimulus and prepulse. 





For more information, call or write to: 


COLUMBUS INSTRUMENTS INTERNATIONAL CORPORATION 


Supplier of individual instruments and total measuring systems 





ie cummeen 


950 N. HAGUE AVE., COLUMBUS, OHIO 43204 U.S.A. 


PHONE: (614) 488-6176 


TELEX: 246514 
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POSSIDENTE, B., J. P. HEGMANN, L. CARLSON, AND B. ELDER. Pigment mutations associated with altered 
circadian rhythms in mice. PHYSIOL. BEHAV. 28(3) 389-392, 1982.—Mammalian albinism is known to alter neural 
pathways, reduce retinal pigment, and affect diverse behaviors. Mammalian circadian rhythms have been shown to depend 
on visual pathways, respond to light intensity and regulate many behaviors. Here we show that mice homozygous for the 
recessive albino or pinkeye-dilute mutations display shorter circadian rhythms than pigmented controls. We conclude that 
these pigment loci, or closely linked loci, influence the expression of circadian rhythms in mice. 


Circadian rhythms Wheel running activity 


MAMMALIAN circadian rhythms for diverse physiological 
and behavioral functions depend on the suprachiasmatic nu- 
clei (SCN) for their expression [12], and on the visual system 
for entrainment by light [17]. Mutations modifying retinal 
pigment and visual pathways early in development may also 
modify developmental and functional properties of circadian 
rhythms. 

Albino mammals have abnormal neural connectivity in 
their visual systems [8], reduced retinal pigment [18], and 
differ from pigmented animals in a wide variety of behaviors 
[3, 9, 21]. Mutations in other genes besides the albino locus 
can mimic these effects. The heterochromic rat for example 
is not albino, but carries a different mutation which also 
results in reduced eye pigment and altered central visual 
projections [22]. The pinkeye-dilute mutation in mice re- 
duces retinal melanin and mimics effects of the albino muta- 
tion on the electroretinogram and certain behaviors [9]. It is 
not known whether the altered visual pathways seen in al- 
binos also occur in pinkeyes. 

Here we report that both albino and pinkeye-dilute mice 
show altered circadian rhythms compared to those of pig- 
mented mice. 


GENERAL METHOD 


Inbred (A/J, AKR/J, BALB/CByJ, C3H/HeJ, C57BL/ 
10Sn, C58/J, DBA/1J) and genetically heterogeneous (HS) 
[13] mice (Mus musculus) were born in our lab and 
reared under a 16:8 LD cycle. The mice were housed indi- 


Albino locus 


Pinkeye-dilute locus Mus musculus 


vidually during experiments at 23+2°c, with ad lib food and 
water. Wheel running cages in constant dim, red, unfiltered 
incandescant light were used to acclimate the mice for four 
days before activity was recorded. Cages were arranged on 
racks in blocks so that one member of each genotype and 
each sex was included in each block. No significant effect of 
sex was observed in these experiments, and all data were 
combined across sexes. Wheel revolution counts from elec- 
tronic tally counters were read at regular intervals and dis- 
crete activity scores were converted to continuous curves 
using polynomial smoothing procedures described by Milne 
[14]. We used the time interval in which peak activity oc- 
cured as the phase reference point for the rhythm, and the 
mean peak to peak interval to estimate tau (period) for each 
individual. Standard variance analysis procedures [20] were 
employed to compare group means. 


EXPERIMENT | 


METHOD 


We used inbred strain comparisons to determine whether 
gene differences influence the period of a circadian rhythm 
for wheel running activity in mice. We used three albino and 
four pigmented inbred strains to allow an a priori contrast 
testing the hypothesis that the albino locus is associated with 
differences in the expression of circadian rhythms. The logic 
of this approach is presented elsewhere [16]. Approximately 
4 mice per strain were measured in each of 2 replicate exper- 
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FIG. 1. Mean+SEM (standard errors of the mean) for tau of wheel 
running activity in seven inbred strains of mice. Open bars indicate 
albino strains. 


iments, and results were pooled across replicates. Subjects 
averaged 179 days of age. Activity was recorded at 1-hr 
intervals and individual estimates of tau were based on 7 
consecutive cycles of activity. 


RESULTS 


Significant differences in tau were seen among the seven 
inbred strains (Fig. 1, F=2.9, d.f.=6/40, p<0.03), demon- 
strating gene differences among the strains at one or more 
loci that influence tau. The group mean of the three albino 
strains (A/J, AKR, BALB) was 23.08+0.18 hrs and the pig- 
mented strains averaged 23.69+0.09 hrs, #(52)=3.4, p<0.01, 
showing that some of the genetic variance influencing tau 
might be due to the albino locus. 


EXPERIMENT 2 


METHOD 


To examine the hypothesis that an allele of the albino, or 
‘c’ locus (or closely linked loci in gametic disequilibrium) 
shortens tau independently of other gene differences among 
the strains, we crossed BALB females and C57 males to 
generate Fl hybrid individuals heterozygous for the albino 
mutation. Female F1s crossed back to BALB males allowed 
BALB x C57 chromosome pair recombination, and segre- 
gation to produce an approximate 1:1 ratio of c/c albinos to 
C+/c pigmented testcross offspring. These animals carry a 
random assortment of C57 and BALB chromosome seg- 
ments, except for the albino locus and alleles closely linked 
to it. Thirteen albino and 13 pigmented subjects averaging 
225 days of age were measured for wheel running activity. 
Activity was recorded at 1-hr intervals, and individual esti- 
mates of tau were based on 6 consecutive cycles. 


RESULTS 


The albino mice from the testcross displayed shorter free 
running periods for wheel running than the pigmented con- 
trols (Fig. 2a, one-tailed 1(24)=1.9, p<0.04) indicating that 
the albino mutation alone, or alleles closely linked to it that 
also differ between the BALB and C57 parental strains, de- 
creases tau. 
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FIG. 2. (a) Mean+SEM for tau of wheel running activity in albino 
(ALB) and pigmented (PG) mice from a genetically heterogeneous 
backcross population. (b) Mean+SEM for tau of wheel running ac- 
tivity in pinkeye (PNK) and normally pigmented mice (PG) from the 
genetically heterogeneous HS stock. 


EXPERIMENT 3 


METHOD 


The pinkeye-dilute mutation in mice, approximately 15 
map units from the albino locus on the first chromosome, 
results in an absence of retinal melanin, but only dilutes 
pigment levels in other tissues [6]. We examined pinkeye HS 
and fully pigmented HS mice to determine whether this mu- 
tation is associated with altered circadian rhythms. The HS 
mice are descended from a genetically variable, randomly 
mated population derived from crosses among eight inbred 
strains, and described by McClearn et a/. in 1970 [13]. Allelic 
differences, including the pinkeye mutation, segregate in this 
population against a randomly mixed genetic background. A 
separate line of pinkeye mice has been maintained in our lab 
for approximately 3 years (15 generations). This pinkeye line 
and their parental HS stock are each represented by approx- 
imately 10 randomly mated breeding pairs, and pinkeye in- 
dividuals found in the original stock are frequently crossed 
into the pinkeye stock. Nineteen pinkeye and 21 pigmented 
HS mice, averaging 61 days of age, were measured for wheel 
running activity. Activity was recorded at 2 hr intervals, and 
individual estimates of tau were based on 7 consecutive cy- 
cles. Pinkeyes were chosen randomly in approximately equal 
numbers from 7 litters, and pigmented mice from five. 


RESULTS 


Pinkeye mice had a shorter tau than fully pigmented con- 
trols (Fig. 2B, 1(38)=2.0, p<0.05) so both pinkeye and albino 
mutations are associated with shortened circadian rhythms. 
Since the albino inbred strains used in the initial study do not 
carry the pinkeye mutation [6], two separate pigment muta- 
tions are associated with a shortened tau for wheel running. 
However, partial isolation of the pinkeye HS stock from the 
parental stock may have resulted in allele frequency differ- 
ences between these populations at other loci influencing tau 
to account for these results. 





PIGMENT MUTATIONS AND CIRCADIAN RHYTHMS 


GENERAL DISCUSSION 


The results of Experiment | demonstrate that gene differ- 
ences among inbred strains of mice influence the expression 
of a circadian rhythm for wheel running activity. The albino 
strains display shorter circadian rhythms than pigmented 
strains, indicating that some of the gene differences among 
mice influencing circadian rhythms may be mediated by 
gene-imposed visual system differences. In Experiment 2, a 
testcross population derived from the two extreme inbred 
strains shows a shortened circadian rhythm associated with 
expression of the albino phenotype. In Experiment 3, com- 
parison of two genetically heterogeneous populations of 
mice, one fixed for the recessive pinkeye-dilute mutation, 
and the other composed of individuals carrying at least one 
dominant wild-type allele, showed that the pinkeye-dilute 
locus is similar to the albino locus in being associated with a 
shortened free running period. None of these experiments 
unequivocally tie the gene differences among inbred strains 
shown in Experiment | to specific mutant loci, but the com- 
bined set of results supports an hypothesis that pigment mu- 
tations are associated with altered circadian rhythms in 
mice. This hypothesis can be tested further, for example 
with coisogenic inbred strains (cf. [11]). 

Some previous studies have also implicated the albino 
locus in strain differences in the expression of circadian 
rhythms. In a study of four inbred strains of mice, Ebihara er 
al. [5] measured free running periods of wheel running activ- 
ity in constant dark, and found that an albino inbred strain 
displayed a significantly shorter free-running period than 
either of two pigmented inbred strains, and a partly inbred 
strain derived from wild caught mice. Ebihara and Tsuji [4], 
in a study of wheel running activity in 12 inbred strains of 
mice, divided the strains into two groups according to a 
qualitative difference in the temporal distribution of wheel 
running activity under a natural photoperiod. One group of 
eight strains, all pigmented, was active during the daytime, 
while a second group of four strains was almost exclusively 
nocturnal. Three of these were albino, and the fourth was a 
DBA strain that is homozygous recessive for a mutant allele 
of the ‘‘dilute’’ locus [6,7]. Dilute mutants show a clumping 
of melanocytes in retinal and hair cells. It is interesting to 
note that DBAs show the shortest free running period of the 
four pigmented strains in the present study. 
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The combination of altered neural connectivity and ab- 
sence of retinal pigment associated with the albino mutation 
makes it difficult to sort out a mechanism for an effect of 
pigment mutations on circadian rhythms. The suprachias- 
matic nuclei in mammals appear to be the anatomical site of a 
circadian pacemaker [12]. The retinohypothalamic tract 
(RHT) directly innervates the SCN in both pigmented and 
albino mammals [10] and is probably essential for entrain- 
ment of circadian rhythms by light [17]. Silver [19] found a 
significant incidence of anatomically abnormal SCN in genet- 
ically anophthalmic mice, and this pathology was associated 
with arhythmic wheel running activity, suggesting that the 
development of the SCN and its role in biological clock 
function is influenced by retina’ ‘anervation. Guillery [8] and 
others have shown that albino mammals have a striking ex- 
cess of retinal projections that cross the optic chiasm to the 
contralateral side of the brain, and a corresponding defi- 
ciency of ipsilateral projections, but it is not known whether 
the bilateral projections of the RHT are similarly affected. 
Differences between pigmented and albino mice in projec- 
tions of the optic tract to the SCN might influence its devel- 
opment and function. 

On the other hand, light intensity influences free running 
periods of circadian rhythms [1], and light pulses that shift 
the phase of a circadian pacemaker can cause persistent *‘af- 
ter effects’ on tau [15]. Albino mice may perceive light as 
more intense since they have reduced retinal pigment. There- 
fore, differences in after effects on albino and pigmented 
mice induced by previous entrainment to LD cycles might 
explain differences in their free running periods. In fact, 
since early visual experience is known to alter neural devel- 
opment [2], an effect of the albino locus on retinal projec- 
tions through reduced retinal pigment resulting in early ex- 
posure to intense light cannot be ruled out. 

In spite of these considerations, pigment mutations 
could be useful in analysis of circadian mechanisms, and 
the demonstration of an effect of pigment mutations on cir- 
cadian rhythms in mice may help explain the manifold effects 
of albinism on behavior. 
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ROLLS, B. J. AND E. A. ROWE. Pregnancy and lactation in the obese rat: Effects on maternal and pup weights 
PHYSIOL. BEHAV. 28(3) 393-400, 1982.—Lister hooded female rats, fed palatable high energy foods and chow, weighed 
significantly more than chow-fed control rats before mating. A smaller proportion of the obese rats became pregnant, and 
they lost more litters in lactation. When litters survived (7+1 pups), maternal weight changes differed between groups 
during lactation. The controls gained 6.2+3.2 g, whereas the obese rats lost variable amounts of weight despite the 
continued availability of the palatable diet. The rats that were heaviest at mating and parturition and which showed the 
largest non-fetal weight gains in pregnancy (i.e., the “‘large weight loss group’’) lost 60.6+4.8 g, while less obese rats which 
showed similar non-fetal gains to controls (i.e., the *‘small weight loss group’’) lost 24.6+3.2 g. Thus the weights of all 
groups converged and were similar after three weeks of lactation, but diverged again after weaning. During lactation the 
total energy intakes and amounts of protein consumed by the obese rats were significantly below those of controls, and 
total fat intake was significantly elevated. Although litter size and pup weights did not differ significantly at birth, pups of 
obese mothers weighed significantly less than those of controls at weaning. Maternal obesity in lactation appears to 
influence both body weight regulation and lactational performance. 


Body weight regulation Dietary obesity 


PREGNANCY and lactation are examples of common, nor- 
mal physiological states in which extreme changes in body 
weight and body fat occur. Despite this, little is known about 
the factors which determine food intake and fat deposition in 
these states. The present experiments examine the effects of 
established obesity on food intake and body weight in the 
pregnant and lactating rat. Effects of obesity on reproduction 
have previously had little experimental attention because the 
most frequently studied obese animals, those with genetic or 
hypothalamic obesity, are relatively infertile [2]. Obesity can 
also be induced in rats by offering free access to diets with 
high palatability and/or high fat content [27,29]. Rats with 
dietary obesity are also relatively infertile [9, 24, 33]. We 
found, for example, that only 67% became pregnant com- 
pared with 86% of normal weight control rats. Since some of 
the rats did become pregnant, it was possible to determine 
how obesity affects food intake and body weight during re- 
production. 

In rats of normal body weight, maternal body fat stores 
increase during pregnancy. The mobilization of these fat 
stores, and hyperphagia normally meet the energy demands 
of milk production in lactation. It is not clear whether the 
characteristic hyperphagia and changes in maternal body 
weight are regulated in pregnancy and lactation relative to 
the pre-existing nutritional status of the mother or the nutri- 
tional requirements of the offspring. The use of a variety of 
palatable, high energy foods to induce obesity has made it 
possible in the present study to determine whether the char- 
acteristic over-consumption of these foods seen in virgin rats 


Diet selection 


Eating Lactation Obesity Pregnancy 


also occurs in addition to the hyperphagia of pregnancy and 
lactation. The variable levels of obesity induced by palatable 
foods have also made it possible to study the effect of pre- 
existing variations in body fat stores on energy intake and 
body weight regulation in pregnancy and lactation. 

In their studies of dietary self-selection using pure nutri- 
ents, Richter and Barelare [22] suggested that appetite can be 
used as a guide to assess nutritional needs in pregnant and 
lactating rats. More recently this suggestion has been sup- 
ported by the finding that in pregnancy and lactation dietary 
self-selection follows the varying nutritional requirements of 
the organism so that protein intake increases [12]. In the 
present experiments we determined whether such ‘‘nutri- 
tional wisdom’’ was seen when rats were choosing between 
palatable diets (relatively high in fat and low in protein) and 
laboratory chow. 

Preliminary reports of this work have been made to the 
Nutrition Society of Great Britain [25,26] and to a Sym- 
posium on the Body Weight Regulatory System [24]. 


METHOD 

Subjects 

Fifty-three female hooded Lister rats, 8-12 weeks of age 
were matched for body weight and allocated to an experi- 
mental group which received palatable high-energy foods (see 
Procedures) and chow (n=39), and a control group (n=14) 
which received only chow. An additional group (n=25) re- 
ceived a high energy liquid diet and chow. 
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FIG. 1. Mean body weight changes during reproduction in normal weight rats eating chow or in obese 
rats eating chow plus palatable, high energy foods. Only dams that kept 6-8 pups throughout lactation 
are included. Obese rats were divided into a ‘‘large weight loss’ group and a ‘‘small weight loss”’ 
group by a median split of the total weight loss during lactation. Numbers of rats per group are shown 


in parentheses. 


Procedures 


The rats were individually housed in breeding boxes 
(30x30x15 cm) provided with shredded paper bedding 
which was changed daily. Lighting (12 hr light, 12 hr dark) 
and temperature (23+2°C) were controlled. All animals re- 
ceived free access to water and a composite pelleted chow 
diet (Dixons FFG(M), energy value 15.1 kJ/g; 16% protein; 
51% carbohydrate; 2% fat—percentages by weight from 
manufacturers’ values) throughout the study. The experi- 
mental groups received free access to the palatable, high- 
energy foods and chow or the liquid diet and chow, and the 
control group received only chow. The palatable foods in- 
cluded plain salted potato chips (Golden Wonder), energy 
value 23.4 kJ/g, protein 5.9%, carbohydrate 50%, fat 38%; 
cheese crackers (Crawford's Cheddars), energy value 22.6 
kJ/g, protein 10.9%, carbohydrate 50.6%, fat 32.6%: 
chocolate chip cookies (Lyon’s Maryland Cookies) en- 
ergy value 20.3 kJ/g, protein 4.8%, carbohydrate 63.6%, 
fat 25.2% (all percentages by weight from manufacturers’ 
values). The liquid diet consumed by the additional group of 
rats was prepared from un-sweetened evaporated milk (Car- 
nation) 45%, cooking oil 30%, and sucrose 25%, giving an 
energy value of 18.1 kJ/g, protein content 3.5%, carbo- 
hydrate 30.5%, fat 35%, all percentages by weight. Ten to 20 
weeks after the palatable foods were introduced, experi- 
mental and control rats were housed with normal weight 
male rats. Impregnated females were returned to the home 
cage 24 hr after the appearance of sperm plugs. The experi- 
mental rats continued to receive the high energy foods and 
chow during pregnancy and lactation; the control rats con- 
tinued to receive only chow. After parturition all litters were 
culled to eight pups each within 48 hr; litters of mothers 
which retained 7+1 pups throughout lactation were 
classified as surviving litters. Litters were weaned 21 days 
after parturition. 


Measurements 


Body weights of the adult females were recorded daily 
from one week before mating, during pregnancy and lacta- 
tion, and for three weeks after the litters were weaned. Daily 
energy intakes were determined by measuring the amount 
eaten of each individual food, subtracting the spillage of 
each, and multiplying by the energy value of each food. The 
use of white shredded paper as bedding made it possible to 
locate and measure the spillage of each type of food. The 
energy intakes of protein, carbohydrate, and fat were de- 
termined by calculating the amounts of each nutrient eaten in 
each of the foods multiplied by the energy density of the 
nutrients (protein 17 kJ/g, carbohydrate 16 kJ/g, fat 37 kJ/g 
from [19]). Energy intakes in lactation included maternal in- 
takes and during the last part offspring intakes. 


Statistics 


Separate analyses of body weight changes and food and 
nutrient intakes were made before mating, during pregnancy, 
during lactation, and after the litters were weaned, and in- 
cluded only animals which retained 6-8 pups per litter 
throughout lactation. Insufficient numbers of litters of obese 
mothers fed the liquid diet survived to allow statistical 
analyses. 

Body weights and energy and nutrient intakes were 
analysed by two factor analyses of variance. Because the 
weight losses in the lactating obese rats fed the palatable high 
energy foods appeared to fall into two groups, these rats 
were divided into two groups post hoc based on a median 
split of maternal weight loss in lactation, and are referred to 
as the ‘‘large weight loss group” and the *‘small weight loss 
group.’’ Each analysis included these two experimental 
groups and the control group as one factor and time (days) as 
the other factor, and rates of change were examined by ex- 
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traction of the linear polynomials with time. At critical stages 
in the experiment comparisons of groups were made using 
the Student's f-test (2-tailed) using error terms from the 
analysis of variance. Other comparisons were made using 
the Student's f-test for correlated groups (2-tailed). The mean 
daily weights of litters before weaning were also compared 
between groups by an analysis of variance of the exper- 
imental groups and the control group with time, with extract- 
ed linear polynomials. 


RESULTS 
Maternal Body Weight 


The mean body weights of control dams and of dams that 
ate the palatable high energy foods, are shown in Fig. |. All 
the groups had similar body weights before the palatable 
foods were introduced. At mating both obese groups were 
significantly heavier than the controls (#(19)=5.5, p<0.001 
for large weight loss group; 1(19)=3.2, p<0.01 for small 
weight loss group). During pregnancy the large weight loss 
rats gained 120.7+7.3 g, the small weight loss rats gained 
118.0+6.0 g, and the controls gained 103.8+6.2 g. These 
gains did not differ statistically, and there was no difference 
in the pattern of weight changes in pregnancy between the 
groups. However, the non-fetal weight gain (i.e., the differ- 
ence between immediately post-partum and mating weights) 
did vary between the groups. In the controls this was 
40.9+4.9 g, in the small weight loss group it was 42.5+5.5 g, 
and in the large weight loss group it was 61.8+7.0 g 
(t(19)=3.2, p<0.01 large weight loss group compared with 
controls). At parturition weight losses in the three groups 
were not significantly different (58.7+5.7 g for the large 
weight loss rats; 72.8+6.2 g for the small weight loss rats; 
and 67.7+5.4 g for the controls). There was a dramatic 
difference between the groups in the body weight changes 
during lactation (differences in the rate of weight change 
F(2,577)=424.6, p<0.001). The controls gained an average of 
6.2+3.2 g, whereas the large weight loss group lost 60.6+4.8 
g, and the small weight loss group lost 24.6+3.2 g so that 
body weights of the three groups converged and at weaning 
the large weight loss group was only slightly but significantly 
heavier than the controls (t(19)=2.2, p<0.05), and the small 
weight loss group and the controls had similar body weights. 
The weight losses of the obese groups correlated with body 
weights at mating (r=0.43, p<0.02), with non-fetal weight 
gains in pregnancy (r=0.51, p<0.02), and with body weights 
immediately after parturition (r=0.78, p<0.001). (Weight 
change in lactation in the control group was also correlated 
with body weights at mating r=—0.85, p<0.01; and post- 
partum weights, r=—0.70, p<0.05). The response to wean- 
ing differed between the groups. The controls showed a 
transient increase in weight which could have been due to 
accumulated milk or a delay in the reduction of food intake, 
and then body weight decreased. The obese groups showed a 
smaller increase in weight with weaning and then body 
weights increased so the groups again diverged. 

Twenty nine percent of the rats giving birth had lost the 
entire litter by seven days after parturition. The body 
weights of these mothers were similar to those of the large 
weight loss group (weight at mating was 312.3+ 11.1 g, weight at 
parturition was 432.0+11.4 g, and weight after parturition 
was 366.6+ 11.3 g so the non-fetal gain was 54.2+9.6 g). Only 
27% of obese mothers eating the liquid diet and chow re- 
tained 7+1 pups per litter throughout lactation. The body 
weight changes during pregnancy and lactation were similar 
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FIG. 2. Mean pup weights in litters of 6-8 pups suckled by mothers 
described in Fig. 1. Number of litters used in calculating mean 
weights are shown in parentheses and vertical bars indicate SEM. 


in these rats to those of obese rats eating the palatable high 
energy foods (non-fetal weight gain in pregnancy 57.0+7.9 g, 
weight loss during lactation 71.7+6.1 g). 


Survival and Growth of the Pups 


Nine out of 31 litters of the obese mothers fed on the 
palatable high energy foods were lost (often, but not always, 
cannibalized) while | out of 11 litters of the controls did not 
survive past the first week of lactation. Six out of 11 litters of 
the obese mothers eating the liquid diet did not survive, and 
only three of the mothers retained 7+1 pups until weaning. 

The number of pups born in each litter did not differ sig- 
nificantly between the groups (11.7+1.2 pups in large weight 
loss group; 12.8+1.0 pups in small weight loss group; 
11.3+0.9 pups in control group; 11.0+2.1 pups in liquid diet 
group). 

The mean birth weights per litter of pups in the obese and 
control groups (from litters which retained at least six pups 
until weaning) did not differ (Fig. 2). However, the pups of 
control mothers gained weight more rapidly than the off- 
spring of obese mothers (difference in rates of weight gain 
F(2,579)= 127.2, p<0.001) and by the first week of lactation 
the mean pup weights in the two obese groups were each 
significantly lighter than those of the control mothers, 
1(19)=2.0, p<0.05. Pups in both obese groups grew at the 
same rate and continued to diverge from the control pups 
throughout lactation so at weaning they were on average 6.4 
g lighter than the controls, 7(19)>5.0, p<0.001 in each case. 
The pups of obese mothers eating the liquid diet were similar 
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FIG. 3. Mean daily metabolizable energy intakes of the two obese groups and the control group of rats 
described in Fig. 1. In late lactation intakes reflect food consumed by pups as well as mothers. 


intake (kJ) 


Carbohydrate 





pregnancy 


foi 


23 
loss) 


@ obese (large wt 
© obese (small wt 
X controls 





parturition lactation weaning 


eS — ire Pa me 





baseline 


20 40 


Days 


FIG. 4. Mean daily carbohydrate intakes of the two obese and the control groups described in Fig. 1. 


in weight at birth to the other groups (4.8+0.1 g) and were 
substantially lighter than the control offspring at weaning 


(21.5+1.7 g). 


Energy and Nutrient Intakes 


The metabolizable energy intakes of the three groups of 


mothers differed significantly during pregnancy, F(2,28) 
=10.7, p<0.01 (Fig. 3), and these differences were con- 
sistent with the differences in the non-fetal weight gain 
shown by these groups. Thus the intakes of the large weight 
loss group, which also had the highest non-fetal weight gains 
in pregnancy were greater than those of the low weight loss 
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FIG. 5. Mean daily fat intakes of the two obese and the control groups described in Fig. | 


group, 1(20)=1.9, p<0.1, and the intakes of the latter group 
were significantly greater than the control intakes, f(19)=2.8, 
p<0.01. 

During lactation the large weight loss group ingested sig- 
nificantly less energy than the small weight loss group, 
1(20)=2.0, p<0.05, and the control group, #(19)=4.6, p<0.01; 
and the small weight loss group ingested significantly less 
energy than the control group, #(19)=2.6, p<0.05 (difference 
between all the groups F(2,29)=10.5, p<0.01). Differences 
between the groups in early lactation (days 0-8) and late 
lactation (days 9-12) were also examined separately. In early 
lactation the control group and the small weight loss group 
consumed similar amounts (mean daily intake: control group 
430+20 kJ, small weight loss group 430+11 kJ) and 
both consumed significantly more, 1(19)=2.3, p<0.05, than 
the large weight loss group (395+ 10 kJ). The obese mothers 
eating the liquid diet ingested 423+24 kJ per day. In late 
lactation the intakes (which included intake by the pups) of 
the obese groups were not significantly different (mean daily 
intakes: large weight loss group 575+47 kJ, small weight loss 
group 618+21 kJ) but were significantly less than those of the 
controls (740+17 kJ, comparison with large weight loss 
group, 1(19)=6.2, comparison with small weight loss group, 
1(19)=4.8, p<0.001). The dams fed the liquid diet ingested 
only 503+24 kJ per day. After weaning there was a delay of 
one day before intakes returned to pre-mating levels [18]. 
During the day when intake was still elevated, that of the 
controls was higher than that of both obese groups, which 
could partly explain the greater rise in body weight at that 
time. 

The carbohydrate intake did not differ between groups 
during pregnancy (see Fig. 4). During lactation the carbo- 
hydrate intake of the control rats diverged from that of the 
obese groups (difference in rate of change of intake, 
F(2,563)=40.1, »<0.001) and the control rats ingested signif- 
icantly more carbohydrate than the obese groups 


(F(2,29)=42.8, p<0.001, controls versus large weight loss 
group /(19)=9.1, p<0.001, controls versus small weight loss 
group /(19)=6.4, p<0.001). The small weight loss group also 
ingested significantly more carbohydrate than the large 
weight loss group, 1(20)=2.8, p<0.01. 

The total fat intake of the obese groups was very much 
higher than that of the controls (pregnancy F(2,28)=181.6, 
p<0.001; lactation F(2,29)=175.9, p<0.001; see Fig. 5). Dur- 
ing pregnancy the large weight loss group ate significantly 
more fat than the small weight loss group, 7(20)=2.8, p<0.01, 
but the fat intakes of the two obese groups did not differ 
during lactation so total fat intake does not provide the ex- 
planation for the differences in weight loss of these groups. 

The total protein intakes of the obese groups were signifi- 
cantly lower (pregnancy F(2,28)=96.7, p<0.001; lactation 
F(2,29)=208.6, p<0.001) than those of the controls (see Fig. 
6). Despite the relatively lower protein intakes in pregnancy, 
the pups of the obese groups were similar in weight to those 
of the controls at birth. During pregnancy the protein intakes 
of the two obese groups were similar but during lactation the 
protein intakes of the large weight loss group were signifi- 
cantly less than those of the small loss group, #(20)=3.3, 
p<0.01. 

DISCUSSION 

Obesity and the ingestion of palatable high energy foods 
caused diminished growth and survival of suckling rat pups. 
There were substantial changes in energy balance and the 
nutritional status of the dams which may have been associ- 
ated with the impairment of reproductive performance. 

Although pregnancy appeared to proceed normally in the 
obese dams, and the mean number of offspring produced at 
parturition was the same as in the lean controls, the mean 
birth weight of the pups was slightly reduced, and they may 
have been predisposed by gestational events to a lower rate 
of growth. These obese dams had increased energy and fat 
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FIG. 6. Mean daily protein intakes of the two obese and the control groups described in Fig. 1. 


intakes, but reduced protein intakes in pregnancy. As in the 
rat, human pregnancy is characterized by a substantial, 
though variable, fat deposition [20]. There are several indi- 
cations that there is an optimal level of fat deposition as 
assessed by numbers of fetal and neonatal deaths. The opti- 
mal weight gain varied according to the pre-pregnancy 
weight of the mother, i.e., the heavier the woman the lower 
the optimal gain. There are also indications that maternal 
overeating affects the fetus, in that excessive weight gain led 
to greater mortality [14]. 

Despite the importance of weight changes in pregnancy 
[8], the factors controlling food intake and fat deposition are 
not well understood. In the rat there is an increase in food 
intake which results in part from the elevation of plasma 
progesterone level which is known to lead to hyperphagia [6] 
and the suppression of estrogen which normally inhibits food 
intake [32]. These hormonal changes in pregnancy also favor 
the deposition of fat. It is not clear whether the level of body 
fat around the time of conception affects food intake and fat 
deposition in pregnancy. If food intake were to be geared to 
obtaining optimal levels of body fat at parturition, it should 
have been lower in the obese than in the control rats. Food 
intake was, however, higher in the obese rats eating the 
palatable foods and these rats, particularly those that were 
very heavy showed significantly higher non-fetal weight 
gains in pregnancy than the controls. Thus if food intake is 
normally regulated in pregnancy to provide an optimal level 
of body fat, it is readily overridden by dietary factors such as 
palatability and energy density, and this is supported by 
other studies in rats showing that feeding a high fat diet 
significantly enhanced fat deposition in rats that were of 
normal weight at mating [10,30]. 

The factors which control feeding and body weight in 
lactation are also not well understood. Lactation is particu- 


larly interesting because it is characterized by marked 
hyperphagia while there is generally a loss of body fat. In this 
study the rat dams with the highest weight gains in preg- 
nancy showed a greater than average loss of weight during 
lactation and had a smaller than average food intake, 
whereas the mothers with the lowest weight gains in preg- 
nancy lost the least weight during lactation and ate more 
food. Naismith has found that loss of weight during the first 
three months after birth in lactating women was similarly 
related to weight gain in pregnancy and energy intake after 
birth [16,17]. 

That the loss of weight in the obese lactating rat is due to 
enhanced mobilization of fat is indicated by the accumula- 
tion of fat found in the livers of obese rats during lactation 
(Agius, Williamson, Rolls, and Rowe, unpublished observa- 
tions) which may result from the flux of non-esterified fatty 
acids, mobilized from adipose tissue, exceeding the capacity 
of the liver to secrete triglycerides formed from the fatty 
acids. It has been reported that rats of normal weight at 
mating which gain excess weight and fat during pregnancy 
through over-consumption of a high fat diet also lose more 
fat during lactation than chow-fed controls, despite the con- 
tinued availability of the high fat diet [10,30]. In those studies 
the rats eating the high fat diet had levels of body fat at the 
end of three weeks of lactation which were similar to those of 
non-pregnant chow-fed controls. In the present study the 
rats which were heaviest after parturition had the greatest 
weight loss in lactation, and although the body weights of the 
two obese sub-groups and the controls differed markedly at 
the beginning of lactation, there was convergence of the 
body weights so that they were similar at the end of lacta- 
tion. This may imply that the fat loss in lactation is regulated, 
but more experimental work is needed to clarify this point. A 
further point which requires clarification is whether the fat 
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gain in pregnancy or the total amount of carcass fat has the 
more important influence on weight loss during lactation. In 
the present study weight loss was correlated with the non- 
fetal weight gain in pregnancy, body weight at mating, and 
body weight after parturition. 

In humans there is an indication that weight gain in preg- 
nancy should achieve an optimal level not only for infant 
survival [14], but also for successful lactation. Naismith [16,17] 
has reported that women who have low weight gains in preg- 
nancy may fail to lactate adequately. There is also an indica- 
tion that obesity may affect lactation adversely [7]. Signifi- 
cantly more women greater than 20% above ideal weight 
have problems with lactation than do women of normal 
weight at conception. We have found in the rat that obesity 
was associated with high pup mortality and poor growth. The 
reasons for this poor lactational performance may be com- 
plex and are not yet understood. In another study where pup 
mortality was very high it was suggested that maternal be- 
havior was abnormal. A high level of pup licking was ob- 
served which could have been due to an abnormal response 
to the taste of the pups, and which could have triggered a 
high level of cannibalism [33]. 

Another possible explanation for the poor performance of 
the obese mothers is that milk production may be abnormal. 
If rats were fed a high fat diet from 30 days of age, but had 
the diet withdrawn before mating, histological analysis indi- 
cated that these obese animals had mammary glands which 
were not fully developed. As in the present study pup survi- 
val and growth were impaired [31]. Mammary gland metabo- 
lism and milk composition are also altered in obese rats eat- 
ing the cafeteria diet. We ({26] and Agius, Williamson, Rolls, 
and Rowe, unpublished observations) assessed the met- 
abolic function of the mammary gland by measuring lip- 
ogenesis in vivo with *H,O in lactating rats with litters 
retaining eight pups. Lipogenesis was 86% lower in the obese 
rats than in the controls. The depressed rate of lipogenesis 
could have been due to a decreased rate of milk production 
or to an increased contribution of dietary or adipose tissue 
lipid to milk lipid. An indication that the obesity and not just 
the diet may affect mammary gland function comes from the 
finding that normal weight rats eating the same cafeteria diet 
from parturition showed a reduction in mammary gland 
lipogenesis compared to controls [1] but this reduction was 
72% \ess than that of the obese rats. Furthermore, the pups 
of these mothers showed improved survival and growth over 
that of pups of the obese mothers. The effects of obesity on 
total milk output are currently under investigation. The 
composition of the milk of cafeteria-fed obese rats differs 
from that of controls. The proportion of fat in the milk of the 
obese rats was approximately doubled and it had a lower 
proportion of the characterisitic medium chain fatty acids 
and a higher proportion of long chain fatty acids. Lactose 
content was reduced by 32%, but the protein was little af- 
fected in the obese group [23]. To clarify further the etiology 
of the poor lactational performance more work is currently in 
progress to separate nutritional effects from those metabolic 
and endocrine changes accompanying obesity. 

The hormonal changes in lactation influence both energy 
intake and metabolism. There may be a hormonal basis for 
the weight loss, low food intake and poor lactational per- 
formance of obese mothers. Prolactin and insulin are impli- 
cated in the integration of mammary gland metabolism with 
that of other tissues (see [34]). For example, prolactin may 
be responsible for suppressing the activity of lipoprotein 
lipase in adipose tissue during lactation thus potentially in- 


creasing the supply of nutrients for the mammary gland. In- 
sulin is important in the short term regulation of glucose 
metabolism and lipogenesis in the lactating gland, and it is 
probable that prolactin opposes the action of insulin in tis- 
sues other than mammary gland and thus may act as an 
integrator of lipid metabolism during lactation. Also, both 
these hormones may be involved in the control of food in- 
take. Insulin, for example, is elevated in rats with dietary 
obesity [27] and administration of insulin can increase food 
intake. Prolactin may stimulate the hyperphagia of lactation 
[11] although this is a controversial point [4]. 

The lower food intakes of the obese dams during lactation 
could be caused by a reduction in the neurogenic influence of 
suckling on food intake [3] if the pups, perhaps weakened by 
gestational or other factors associated with obesity, suckle 
less frequently. Our preliminary observations of suckling 
times suggest that there is a reduction in total nursing time in 
obese dams. 

The nutritional status of the mothers may also be involved 
in the poor lactational performance associated with obesity. 
Although obese rats consume less energy than controls dur- 
ing lactation, total maternal energy intake cannot provide the 
entire explanation of the poor pup growth since it was found 
that by day 8 of lactation the pups of the small weight loss 
mothers were significantly lighter than those of controls yet 
total food intake of the groups did not differ in that period. 
Possibly it is an imbalance of nutrient intakes by the obese 
rats which is more important. In our study the proportion of 
carbohydrate consumed is unlikely to be the explanation for 
the poor lactational performance since the large weight loss 
rats were eating significantly less carbohydrate than the 
small weight loss group yet the pups were growing at the 
same rate. However, the proportions of either protein or fat 
eaten could have affected lactation since these were similar 
in both groups of obese rats and were significantly different 
from the intakes of controls. Naismith [15] has reported that 
the gain in weight of rat pups is related directly to the protein 
value of the maternal diet. However, protein intake is un- 
likely to have been the only influence on the performance of 
the obese mothers because in another study we have found 
that increasing the protein intake of the obese, cafeteria-fed 
mothers to that of the controls did not re-establish normal 
pup growth and survival. The high fat content of the diet 
could be responsible for the poor lactational performance of 
the obese groups since high fat consumption affects mam- 
mary gland metabolism and milk composition (see [34]). 
However, several studies have shown that normal weight 
mothers eating a high fat, protein-supplemented diet are able 
to maintain the growth of the pups at control levels [5, 13, 21, 
28]. 

The poor lactational performance and negative energy 
balance of the obese dams is unlikely to be attributable to 
components of the diet such as toxic flavoring agents or 
colorants since similar effects were seen with the liquid diet 
which was simply evaporated milk with pure fat and sugar 
added. It is possible that the rats failed to consume enough of 
some vital trace element, but it should be remembered that 
the nutritionally balanced chow was always available to the 
rats. It is clear from these studies that when palatable high 
energy foods are readily available appetite alone may not be 
an adequate guide to nutrient intake in pregnancy and lacta- 


Thus obesity is associated with alterations in maternal 
energy balance and poor pup growth and survival in lacta- 
tion. Many interesting questions arise from this work and 
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future experiments will determine whether there is an opti- 
mal level of body weight and body fat for successful lactation 


and 


what mechanisms underlie body weight changes in lac- 


tation. 
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WEINGARTEN, H. P. ANDS. D. WATSON. Sham feeding as a procedure for assessing the influence of diet palatability 
on food intake. PHYSIOL. BEHAV. 28(3) 401-407, 1982.—Most of the methods used to evaluate the role of taste factors 
on food intake are confounded by the postingestional consequences of the ingested diet which interfere with measurements 
of consumption based strictly upon the stimulus properties of the food. The present experiment examines the utility of 
sham feeding in the gastric fistulated rat as a means of isolating, and thereby evaluating, the contribution of hedonically 
positive (sweet) and hedonically negative (bitter) taste factors on the magnitude of food intake. Rats equipped with open 
gastric cannulae sham fed solutions varying in their sucrose or quinine concentrations. The results revealed that the 
magnitude of sham feeding in a fixed time period varied systematically with the taste properties of the food. It is concluded 
that sham feeding represents a useful technique for isolating the influence of diet palatability on food intake. Furthermore, 
the present data identify one of the parameters that influences the magnitude of the sham feeding response, information that 
is important for studies using this preparation as a means of examining oral sensory controls of food intake control systems. 


Sham feeding Palatability Gastric cannula 


MANY of the recent comprehensive theoretical treatments 
of food intake control mechanisms have stressed the multi- 
plicity of factors involved in the control of feeding behavior 
[1, 5, 13]. One of the variables identified as influencing the 
magnitude of food intake relates to the quality of the 
foodstuff being ingested and is termed diet palatability. 
Palatability refers to the stimulus properties of a food such as 
its taste, smell, texture, or temperature [26]. The effects of 
palatability on intake are bidirectional and, thus, either 
enhance or attenuate the level of ingestion. With tastes, for 
example, sweetness is usually associated with increases in 
consumption and, in extreme cases, providing animals with 
continuous access to sweet diets leads to the development of 
obesity [9]. In contrast, bitter tasting substances generally 
result in decreases of food intake. 

A persistent problem with attempts to investigate the role 
of diet palatability on ingestion has been the lack of an 
adequate methodology for monitoring food intake based 
strictly upon the taste properties of a diet. A variety of tech- 
niques have been used to evaluate the effects of taste ma- 
nipulations on ingestion. One such technique, developed by 
Richter [17,18], is the one- or two-bottle preference test. A 
major difficulty with this procedure is that measures of taste 
preference in these circumstances are severely confounded 
by the postingestional consequences of the ingested diet as, 
in these tests, the amount consumed is related not only to the 





Sucrose 


Quinine 


palatability of the diet but also to the various postingestional 
mechanisms activated by he nutrient (e.g., [6, 14, 15, 20)). 
To assess the effects of the palatability of a substance on its 
ingestion one wishes to monitor, ideally, how much an or- 
ganism would eat of that food if only taste factors were 
operative. This variable is not strictly isolated in bottle tests. 

Cognizant that the activation of postingestional factors 
represented a major confound with pure measurements of 
taste-governed ingestion Young and colleagues developed 
different paradigms, termed ‘“‘brief exposure methods,”’ to 
monitor palatability effects (see [3,28] for a review of these 
methods) which permitted animals to indicate their taste 
preferences without requiring significant amounts of inges- 
tion. However, the use of even these brief exposure tests is 
limited. First, brief exposure tests minimize, but do not 
entirely eliminate, the role of postingestional factors. In 
these tests, animals receive very brief exposure to stimuli on 
individual trials but, over the entire session, may exhibit a 
relatively large cumulative intake. Second, brief exposure 
tests are most effective in only mildly deprived animals 
[4,26]. While mild deprivation is sufficient for studies utiliz- 
ing hedonically positive taste cues it is often necessary to use 
more severe deprivation levels when attempting to investi- 
gate the influence of less pleasant taste stimuli (such as 
quinine) since, in these cases, rats are far more reluctant to 
spontaneously ingest these solutions. Perhaps the greatest 
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difficulty with the brief exposure tests is, as Davis indicated 
in 1973 [4], that these techniques permit only an ordinal rank- 
ing of tastes in terms of preference and, therefore, only 
allude to the magnitude of food intake a particular substance 
would support if its ingestion was based solely upon its taste. 
An actual measure of the amount of consumption based on 
taste factors is not feasible within the constraints of this 
paradigm. 

The purpose of the present paper is to evaluate the utility 
of another preparation, sham feeding, for isolating, and 
thereby analyzing, the reactivity of organisms to taste char- 
acteristics of food. In the sham feeding situation, food in- 
gested orally passes through the oropharyngeal area but 
drains out of the alimentary tract prior to its activation of 
gastric or intestinal food intake control mechanisms. Thus, 
sham feeding eliminates postingestional, but preserves oral 
sensory, controls of food intake. Intuitively, therefore, sham 
feeding should represent an ideal preparation for the isola- 
tion of the effects of oral sensory factors such as taste on 
food intake. There has been a previous attempt to examine 
the influence of taste on ingestion by sham feeding [15]. In 
that experiment, however, sham feeding was accomplished 
by using esophagostomized rats and there appear to be major 
difficulties with maintaining the health of rats with 
esophagostomies [10]. It is instructive that in spite of the 
elegance of this esophagostomy preparation no subsequent 
research program has exploited this technique to distinguish 
the roles of oral sensory from postingestional factors on feed- 
ing. Any subsequent use of esophagostomized rats has been 
limited to acute use of these animals (e.g., [21]). The oppor- 
tunity of using sham feeding to assess the role of diet palata- 
bility is permitted, however, by recent variations on the 
sham feeding procedure which employ a chronically indwell- 
ing gastric cannula in place of an esophagostomy [16, 25, 29]. 
The essential feature of sham feeding is maintained in gastric 
fistulated animals since food drains out of the alimentary 
system via a gastric, as opposed to an esophageal, fistula. 
However, since the fistula is kept closed normally and is 
opened only for sham feeding, these animals require no spe- 
cial maintenance and the health of these animals is not in 
jeopardy. 

The following experiment examines sham feeding in the 
gastric cannulated rat as a procedure for isolating and assess- 
ing the influence of positive and negative taste cues on in- 
gestion. Any data relating the effects of diet palatability to 
sham feeding are relevant not only to this problem but also to 
experiments using sham feeding in order to examine putative 
feeding controls. Because sham feeding functionally isolates 
oral sensory from postingestional mechanisms controlling 
feeding it has been used recently to analyze various factors 
which may control feeding behavior such as the role of con- 
ditioned cues and pregastric satiety [22,29]. However, there 
has been little systematic investigation (aside from degree of 
deprivation) of those parameters that affect or modulate 
sham feeding behavior. The present data provides an 
assessment of the effect of the manipulation of one such 
variable, diet palatability, on sham feeding responses. 


EXPERIMENT 1 


Sham feeding is used in this experiment to explore the 
influence of increasing the sweetness of a food on its con- 
sumption. The effect of changes in the sucrose content of a 
food on ingestion has been investigated previously using the 
paradigms noted above and the limitations of these proce- 


WEINGARTEN AND WATSON 


dures are underscored by the fact that the various techniques 
have led to different theoretical conclusions. The bottle pref- 
erence tests indicate maximal food intake levels with about a 
10% sucrose (weight/volume) solution with steady declines 
in consumption with higher or lower sucrose concentrations 
[8]. This observation is supported by the sole sham feeding 
experiment relevant to this issue [15] and, together, these 
data suggest that organisms prefer an intermediate degree of 
sweetness. In contrast, the results of brief-exposure tests are 
consistent with the interpretation that (if it were possible to 
measure directly) preference would rise directly with su- 
crose level for all concentrations of sucrose as long as the 
diet is presented in solution [27]. Because these brief- 
exposure tests necessarily prevent much consumption and 
because of the interference of postingestional factors, how- 
ever, this hypothesized outcome is never directly observed. 
The present experiment evaluates the relationship between 
sucrose concentration and feeding by examining the effect of 
sweetness changes on ingestion in a sham feeding situation. 


METHOD 
Subjects 


Subjects for this experiment were six male Long-Evans 
hooded rats weighing between 250-320 grams at the begin- 
ning of the experiment. They were housed individually in a 
room maintained at 21°C and on a 14:10 light:dark cycle. 
Water was available ad lib and food was provided according 
to the protocol described below. 


Surgery 


Rats were 24-hours food deprived prior to surgery. 
Throughout the operation rats were anesthetized with 
sodium pentobarbital (45 mg/kg body weight—IP). A chroni- 
cally indwelling gastric cannula was implanted into each rat. 
The cannula consisted of a 10.7 mm long stainless steel tube 
(8.5 mm o.d.x7.9 mm i.d.) flanged at both ends. One end 
was tied with purse-string sutures into the forestomach; the 
other end was exteriorized through the body wall and skin. 
Complete details of the cannula implantation surgery and 
cannula design have been presented previously [24]. 


Apparatus and Testing Procedure 


To prepare a rat for a sham feeding test it was removed 
from its home cage and its gastric fistula was opened by 
removing the screw which was threaded into the cannula. 
Residual stomach contents were removed by gentle aspira- 
tion applied through the open cannula. A 19.1 mm long stain- 
less steel collecting tube was then screwed into the cannula. 
A 15 cm plastic drainage tube was force fit onto this collec- 
tion tube and with this drainage system in place any liquid 
food ingested orally drained freely out of the stomach and 
down the collecting tubes by gravity flow. 

All sham feeding tests took place with the rats housed in 
rectangular acrylic plastic cages (21.5 cm longx11 cm 
wide x 10 cm high, suspended on 20 cm high stilts). The floor 
of these cages was constructed of longitudinal stainless steel 
rods separated by one cm except for the two center rods 
which were spaced 1.6 cm apart to allow the collecting 
drainage tube to pass through the floor. Test solutions were 
contained in graduated cylinders mounted on the outside 
front wall of the test cage. The licking spout of the graduated 
cylinder extended approximately 2.5 cm into the test cage 
through a hole in the front wall of the cage. The spout itself 
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was covered with plastic tubing protruding approximately | 
cm beyond the tip of the spout. In order to drink, therefore, 
the animal had to insert its tongue into the tube, thus making 
discrete contacts with the spout at each lick. The number of 
licks by each rat was recorded by means of a drinkometer 
circuit interfaced to a PET microcomputer. Each time the 
rat's tongue made contact with the spout a circuit was 
closed, maintaining a ground pulse to the microcomputer for 
as long as the rat’s tongue was in contact with the spout. The 
computer recorded each lick and maintained a count of the 
total number of licks for each consecutive 20-second time 
bin throughout the session. Sham feeding sessions were 30 
minutes in duration. 

At the end of the 30-minute test the rat was removed from 
the test cage, the collecting drainage tube was removed and 
its fistula was closed by replacing the screw into the cannula 
shaft. The animal was then returned to its home cage and 
provided with its maintenance daily food ration no earlier 
than one hour after termination of sham feeding. 


Solutions 


The sucrose levels selected for this study were chosen to 
be representative of the range of sucrose concentrations 
employed in previous sucrose studies. Four solutions vary- 
ing in their sucrose content were used—6, 16, 30 and 40% 
sucrose (weight/volume). These solutions were made by dis- 
solving commercially available sugar in distilled water and 
were prepared a minimum of 24 hours prior to their use. At 
the time of sham feeding tests the solutions were at room 
temperature. 


Protocol 

Rats received a minimum of one week to recover from the 
gastric surgery. During this period they were maintained ad 
lib on Purina Rat Chow pellets. 


On the final day of recovery, 85% of the body weight of 


each rat was calculated. During the next seven days each rat 
was reduced to its individually determined 85% body weight 
level by controlling the size of its daily food ration. Animals 
were maintained at that deprivation level (allowing for a 
growth factor of 2 grams per day) throughout the experi- 
ment. During the weight reduction phase, and for the re- 
mainder of the experiment, rats were maintained on a nutri- 
tionally adequate evaporated milk-based diet. The use of a 
liquid diet permitted effective removal of stomach contents 
for sham feeding purposes. 

Over the next 14 days rats were trained to lick reliably in 
the test cages by placing them into the cages daily and per- 
mitting them to sham feed a 16% sucrose solution for 30 
minutes. This represented the animal's first exposure to su- 
crose solutions. By the end of training all rats sampled the 
solution in the test cage within the first 30 seconds of being 
placed into that chamber. 

On each day during the testing phase of the experiment 
rats were allowed to sham feed one of the four solutions 
described before. The test solution offered on any particular 
day was selected randomly provided that the rat was ex- 
posed to all four solutions over a four day period. Rats were 
tested four times at each of the sucrose solutions thus yield- 
ing a total of 16 test days. Aside from the computer-obtained 
lick data, fluid consumption was monitored every five min- 
utes throughout the session. 
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FIG. |. The average (N =6) amount consumed of each of the sucrose 
solutions indicated during a 30-minute sham feeding test. Vertical 
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RESULTS AND DISCUSSION 


A variety of indices were used to assess the influence of 
diet palatability on food intake. The most important of these 
were measures of actual consumption. The group mean total 
intakes of each of the sucrose solutions is shown in Fig. 1. A 
repeated measures analysis of variance indicated by a signif- 


icant effect of the Diet source, F(3,15)=19.54, p<0.01, that 
food intake was potentiated by increases in the sucrose con- 
tent of the diet. Multiple comparisons using the Studentized 
range statistic (y) and evaluated according to the Neuman- 
Keuls procedure supported this conclusion by indicating a 
steady increase in the magnitude of food intake with incre- 
ments in the sucrose content. Animals ingested significantly 
more 16% than 6% sucrose, g,(15)=3.66, p<0.05, more 30% 
sucrose than 16%, g.(15)=4.00, p<0.05, and more 40% than 
30% sucrose, g(15)=3.32, p<0.05. This profile was also ap- 
parent in examinations of the group mean 5-minute intakes 
within a session which are presented in Fig. 2. As before, a 
repeated measures analysis of these within-session data indi- 
cated a significant Diet source, F(3,115)=53.34, p<0.01. It is 
noteworthy that in spite of the rather severe deprivation 
level of these animals (85% ad lib body weight) these differ- 
ences were apparent even during the first 5 minutes of inges- 
tion. Multiple comparisons performed on the intakes during 
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FIG. 2. The average amount (N=6) consumed of each of the sucrose 


solutions during consecutive 5 minutes throughout a 30-minute sham 
feeding session. 





the first 5-minute,time bin indicated that during this initial 
period rats ingested more 16% than 6%, more 30% than 16% 
and more 40% than 30% sucrose (for all these comparisons 
the g-values had a p<0.05). In fact, enhanced consumption 
of a high sucrose diet relative to one lower in sucrose con- 
centration was evident for all such comparisons except for 
one case (time bin 5, 40% sucrose, see Fig. 2). 

Analyses of licking behavior represent some of the most 
frequently used indices of palatability effects in brief- 
exposure tests. The corresponding data in this experiment 
were obtained by analyzing the lick record obtained by the 
PET microcomputer. For each test solution, the group mean 
number of licks for a four-minute period following the initial 
contact with the sucrose solution each day was calculated. 
These values are presented in Fig. 3. The lick data reinforce 
the conclusion that intake is proportional to the sucrose con- 
tent of a diet. Analysis of these data indicated a significant 
increase in the number of licks with increases in the sucrose 
concentration of the test solution, F(3,235)=58.45, p<0.01. 

The results of this experiment demonstrate that when the 
influence of a hedonically positive taste factor, sweetness, is 
isolated by a sham feeding preparation the resultant food 
intake is in direct proportion to the sweetness of the diet. If 
sham feeding should prove to be a valuable preparation for 
evaluating palatability effects on ingestion it should be effec- 
tive in demonstrating food intake adjustments not only to 
positive but also to negative taste properties. The effect of 
negative taste adulterations on overall level of food intake in 
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FIG. 3. The cumulative number of licks at the drinking spout for 
each of the sucrose solutions indicated for the four-minute period 
following initial contact with that solution. 


the sham feeding situation is examined in the next experi- 
ment. 


EXPERIMENT 2 


The following experiment examines sham _ feeding 
changes in response to negative taste factors, e.g., the addi- 
tion of a bitter taste component engendered by quinine 
adulteration. As discussed previously, investigators of the 
sensory control of food intake wish to isolate the effects of 
the bitter taste produced by quinine on the magnitude of food 
intake. For many years, the working assumption was that 
any food intake adjustment resulting from quinine adultera- 
tion resulted from the animal’s reactivity to quinine’s bitter 
taste qualities. Recently, however, it has been demonstrated 
that quinine possesses some potentially toxic or aversive 
postingestional consequences [12] and in the normal feeding 
situation, therefore, it is not clear whether intake changes 
following quinine adulteration represent a change resulting 
from altered palatability characteristics or postingestional ef- 
fects of the now-adulterated diet. This confound is especially 
problematic in attempting to interpret the mechanisms by 
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FIG. 4. The average (N=6) amount consumed in 30-minutes by rats 
sham feeding 30% sucrose adulterated with the quinine concentra- 
tions indicated. A 0% adulteration indicates 30% sucrose with no 
quinine. Vertical lines represent one standard error of the mean. 


which quinine manipulations lead to food intake reductions 
in situations of disturbances of food intake induced by brain 
damage [19]. Again, a procedure is required for isolating the 
contribution of quinine’s sensory taste properties from its 
postingestive ones. Unfortunately, no data are available ex- 
amining the effects of systematic quinine adulterations on 
food intake in a sham feeding situation. The following exper- 
iment explores this relationship. 


METHOD 


Subjects were six male Long-Evans hooded rats weighing 
between 300-340 grams. They were housed in living condi- 
tions identical to those described in the previous experiment. 

A chronically indwelling gastric cannula was implanted 
into each animal according to the surgical procedure outlined 
in Experiment | and described in detail in a previous publi- 
cation [24]. The sham feeding procedure was identical to that 
described in the previous experiment. In this experiment, 
however, rats sham fed one of the following three solutions 
on each test day: 30% sucrose with 0% quinine hydrochloride 
(QHCI) adulteration; 30% sucrose adulterated with 0.0025% 
(wt/vol) QHCI; or, 30% sucrose adulterated with 0.0050% 
QHCI. 
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FIG. 5. The average (N=6) amount consumed of each of the solu- 
tions indicated during consecutive 5 minute intervals throughout a 
30-minute sham feeding session. 


Rats were reduced to 85% of their ad lib weight and main- 
tained at that weight level throughout the experiment by con- 
trolling the size of their daily food ration. Over a nine day 
period rats were trained to lick reliably in the experimental 
chamber by allowing them to sham feed unadulterated 30% 
sucrose for 30-minutes per day. After this training period rats 
were tested for ingestion of 30% sucrose at each of the 
quinine adulteration levels noted on two separate occasions. 
Rats were never exposed to quinine adulterated food 
on two successive days; at least one day exposure to unadul- 
terated 30% sucrose intervened between quinine tests. Total 
half-hour fluid consumption, as well as consecutive five- 
minute intakes, were recorded in each session. 


RESULTS AND DISCUSSION 


The group average total intakes of each of the sucrose 
solutions is shown in Fig. 4. A repeated measures analysis of 
variance indicated that consumption decreased significantly 
with increasing quinine concentration, F(2,10)=20.44, 
p<0.01. Multiple comparisons revealed that rats ingested 
less of the sucrose solution when it was adulterated with 
0.0050% QHCI relative to a 0.0025% adulteration, 
q10)=3.96, p<0.05. Similarly, rats ate less 0.0025% QHCI- 
sucrose than unadulterated sucrose, g.(10)=5.08, p<0.01. 
This pattern of results was also evident with analyses of the 
fluid intakes within sessions presented in Fig. 5. As ex- 
pected, a repeated measures analysis of variance indicated a 
significant effect of Diet, F(2,85)=60.42, p<0.01; animals 
ingested less of the more adulterated solutions and this effect 
was evident throughout the test session. 

These data reveal that quinine adulteration of foods in a 
sham feeding situation results in a steadily decreasing level 
of intake with increasing concentration of the bitter adulter- 
ant. 





GENERAL DISCUSSION 


The objective of these experiments was to use sham feed- 
ing in order to isolate the contribution of hedonically positive 
and negative taste cues on feeding. The data reveal that sys- 
tematic manipulations of diet palatability lead to orderly ad- 
justments in the degree of sham feeding consumption. A re- 
cent review of postprandial satiety mechanisms [22] has 
concluded that palatability factors may be quite influential in 
the control of feeding and meal size. The present data rein- 
force this conclusion as variations in the sensory properties 
of the diet had a powerful modulatory impact on the degree 
of sham feeding. The finding that palatability affects the level 
of sham feeding is informative for studies using this prepara- 
tion to isolate and investigate oropharyngeal or pregastric 
feeding controls. It has been demonstrated [29] that the 
magnitude and duration of sham feeding in 17-hour deprived 
rats suggests no elicitation of satiety. The present data sup- 
port this conclusion as long as a highly palatable diet is of- 
fered in that rats sham feeding 30% or 40% sucrose solutions 
maintain high rates of sham feeding even following a half- 
hour of consumption. The present data extend this observa- 
tion, however, by demonstrating that the degree of sham feed- 
ing is modulated by diet palatability. At low sucrose or high 
quinine concentrations less total food is ingested. Thus, any 
experiment using sham feeding to assess pregastric contri- 
butions to feeding must be sensitive to the nature of the diet 
used during the feeding tests. 

The relationships identified here between palatability and 
sham intake are not unique to the deprivation levels used in 
these studies. The particular body weight deprivation regi- 
men employed in these experiments was selected so that 
animals would reliably sham feed the entire range of both the 
sweet and bitter taste substances employed. Other experi- 
ments in our laboratory have indicated that the profiles of 
consumption with palatability manipulations are essentially 
unchanged at an 80% (Weingarten and Adler, unpublished 
study) or 90% [25] weight criteria although the overall ampli- 
tude of the response may vary. 

As discussed earlier, on the basis of bottle preference 
procedures a 10% sucrose solution (approximately) is indi- 
cated as maximally preferred by rats. In contrast, brief expo- 
sure paradigms suggest that taste factors in isolation would 
result in an intake profile showing maximal consumption at 
the highest sucrose concentration available. The results of 
this experiment support this latter conclusion. The data 
provided here demonstrate that preference (meas- 
ured by amount of intake in a fixed time interval) continues 
to increase with enhancements in the sweetness of the food. 
This suggests that decreases in consumption with high su- 
crose concentrations in bottle tests result from the activation 
of postingestional satiety factors and not from an aversion 
(or lesser preference) for sucrose concentrations above some 
optimal level. This conclusion was alluded to by the brief- 
exposure tests. The present findings, however, provide an 
important extension to those studies. In brief-exposure tests 
the relationship between sugar level and food intake was 
prodicted but could never be demonstrated directly because 
of the interference of postingestional mechanisms. Because 
of the special dissociative properties of sham feeding, how- 
ever, this postulated relationship could be verified. 

The data most problematic to the general conclusion that 
the excitatory value of sweet tastes is directly related to 
sucrose concentration are the results of the one previous 
sham feeding study examining this problem [15]. In that ex- 


WEINGARTEN AND WATSON 


periment, it was found that although the one hour intake of 
sham feeding esophagostomized rats was greater than that 
obtained under normal feeding conditions, the profile across 
sucrose concentrations was essentially similar in the two 
feeding situations. In both conditions maximum intake oc- 
curred at a somewhat less than 10% sucrose solution and 
subsequent increases in sucrose concentration led to reduc- 
tions in consumption. In the present experiment no evidence 
for the existence of such a ‘‘negative mouth factor’’ was 
obtained even though the range of sucrose concentrations 
explored in this study was expanded relative to the original 
study. This discrepancy may simply result from the fact that 
feeding behavior in this experiment was stopped arbitrarily 
at 30 minutes while in the other study rats were allowed 60 
minutes ingestion. However, other factors may contribute to 
this discrepancy between the two sham feeding studies. 
First, the original esophagostomy results appear to be based 
on preference-aversion functions obtained on one occasion 
in a small number of animals (see Fig. 4, in [15]). In contrast, 
the data reported here are based upon group results from 
animals that have received multiple exposures to the sucrose 
solutions. A second, and perhaps more important, difference 
between the two experiments is that in the esophagostomy 
study rats had occasion to both sham and normal feed the 
sucrose solutions while in the present case the only exposure 
rats had to these solutions was during sham feeding. Thus, 
the depressed intakes at higher sucrose concentrations in the 
original study may result from an association by the animals 
of the taste of the solution with certain postingestive conse- 
quences of that diet. If this were the case, this discrepancy 
would provide important evidence for the role of conditioned 
cues in the control of food intake. 

In sum, sham feeding in the gastric fistulated rat appears 
to be a good technique for dissociating oral sensory from 
postingestive and postabsorptive influences on food intake. 
There are several general comments to be made on the use of 
this procedure. First, the mechanics of the preparation are 
such that they constrain the use of this technique to liquid 
diets. It is impossible to use this preparation for sham feed- 
ing if diets are presented in other than liquid form. However, 
the advantages and power of this sham feeding technique 
appear to outweigh this limitation. 

Second, a potential problem with using the gastric cannu- 
lated rat as a means of isolating the effects of oral sensory 
events on consumption is the transient stimulation of 
stomach tissue that occurs immediately prior to the draining 
of the ingested food from the stomach. However, there are 
several reasons for suggesting that this event contributes lit- 
tle, if any, to the behavioral results obtained in gastric fistu- 
lated animals. For one, it has been shown that the essential 
feature of sham feeding is maintained with this preparation 
as both X-ray [23] and volumetric analyses [11] have re- 
vealed that all of the ingested food drains freely out of the 
stomach. It has also been demonstrated that the metabolic 
responses which are normally elicited by the _ in- 
gestion of sucrose in the gastric cannulated rat are due ex- 
clusively to stimulation of the oropharyngeal area; the pas- 
sage of nutrient over the stomach makes no contribution to 
the metabolic responses observed [24]. This most likely re- 
sults from the rather fortunate architecture of the rat 
stomach which is comprised of two distinct histological tis- 
sues. The glandular portion of the stomach contains the 
majority of the sensory and secretory cells involved with 
digestion. The nonglandular portion is elastic, exhibits the 
greatest amount of stretching with food accumulation in the 
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stomach and has relatively few sensory or motor cells. The 
gastric cannula is implanted into this area of the stomach 
and, therefore, it is over this relatively inert portion of the 
stomach that the food passes before draining out through the 
open fistula. The profile of results obtained in this study 
provides another reason for suspecting that the food draining 
out via the stomach (as opposed to the esophagus) has little 
behavioral consequence. All of the available information 
indicates that increases in the osmolarity of a solution above 
the isotonic level leads normally to decreases in ingestion 
[8,20]. In the present study, however, rats ingest very large 
amounts of quite hyperosmotic solutions suggesting that the 
postingestive mechanism by which the osmotic pressure of a 
food inhibits drinking is not activated in this type of sham 
feeding. Presumably, if the gastric mucosa were being effec- 
tively stimulated and producing a behavioral response one 
would expect to see reductions in intake with increases in the 
osmotic pressure of the diet and no such effects are ob- 
served. 
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The third comment to be made revolves around the ulti- 
mate significance of the sham feeding preparation. Sham 
feeding represents a powerful analytic tool for examining in 
isolation one segment of the feeding system, i.e., the 
oropharyngeal and sensory control. Ultimately, however, 
any complete understanding of the mechanisms controlling 
meal size and satiety requires a more synthetic approach 
and, therefore, experiments addressing the issue of the in- 
teraction of oropharyngeal factors with signals arising from 
other levels of the alimentary tract. 
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GEYER, L. A. AND C. A. KORNET. Auto- and allo-grooming in pine voles (Microtus pinetorum) and meadow voles 
(Microtus pennsylvanicus). PHYSIOL. BEHAV. 28(3) 409-412, 1982.—Grooming was observed in mixed-sex pairs of 
voles after one vole had been unilaterally soiled with a carboxymethylcellulose (CMC) gel. In Experiment 1, soiled pine 
voles spent more time grooming than did clean voles, and groomed the soiled side of their bodies more than the clean side. 
Soiled voles of both species head-groomed more than did clean voles. Addition of tastants to CMC gel did not alter 
grooming durations in either species, and there were no sex differences. In Experiment 2, both vole species (taken together) 
auto-groomed more than they allo-groomed, although clean voles groomed their soiled partners more than themselves 
These studies suggest that soiled fur is a powerful stimulus for auto- and allo-grooming. 


Social groom Pine vole Taste Meadow vole 


AUTO-GROOMING by voles [6,7], mice [5, 8, 18] and rats 
[20], and allo-grooming, which occurs in social contexts, are 
typically considered relatively minor aspects of complex 
motivational categories such as avoidance, aggression, copu- 
lation or play [21]. In adult-male rat pairs, social grooming is 
monopolized by the dominant male [22]. Intact and castrate 
males and females groom a newly-presented female [24]. 
Males socially investigate females more than males, includ- 
ing sniffing, nosing, following, grooming and mounting [23]. 

Grooming is a relatively stereotyped behavior [9] that can 
be elicited by specific kinds of peripheral stimulation. Apply- 
ing mild irritants to the fur, such as water, agar or lanolin, 
increases the extent of grooming of the head and/or treated 
area in mice [10], kangaroo rats [14] and rats [4]. Vibrissal 
anesthesia does not affect the incidence of social grooming of 
intruders and females by male rats [12]. The importance of 
context is indicated by increased social grooming of a 
stimulus rat that predicts delivery of food in a conditioning 
paradigm [25]. 

Juvenile voles (Microtus agrestis) nose each other in play 
[26] and adults commonly groom each other, particularly the 
subordinate in aggressive pairings (M. agrestis) [3]. Inter- 
specific and intraspecific pairings of pine voles (M. 
pinetorum) and meadow voles (M. pennsylvanicus) resulted 
in no intraspecific grooming, but two out of 5 or 6 female 
meadow voles initiated interspecific grooming [19]. Other 
comparative studies have found extensive mutual grooming 
in M. ochrogaster and none in M. pennsylvanicus {13}, but 
similar durations of auto-grooming [2]. Lack of social groom- 
ing among meadow voles is consistent with their social struc- 
ture; relatively solitary except for mother-young units [17]. 


Grooming 


Microtus Saccharin Vole 


The present study was initiated to determine whether or 
not this relatively stereotyped behavior is modified in its 
frequency or duration by (1) adding a gel to the fur, or (2) 
adding tastants to gel on the fur. Evidence of effects in either 
case would help to elucidate the degree of stereotypy of 
auto- and allo-grooming in voles. Further, grooming behav- 
ior, if better understood, might be used as a vehicle in the 
control of vole populations. 


GENERAL METHOD 

Subjects 

Pine voles used in this study were laboratory-born de- 
scendents of a colony originally trapped in Beiglerville, PA 
in 1972. Meadow voles were wild-caught in 1979-1980 in 
Winchester, VA. Voles were housed as heterosexual pairs in 
plastic cages (28x 18x12 cm for pine voles, 34x 30x16 cm 
for the larger meadow voles, under light/dark cycles of 12/12 
hr and 18/6 hr, respectively. 


Procedure 


The auto-grooming and allo-grooming behavior of pine 
voles and meadow voles was tested by applying a car- 
boxymethylcellulose (CMC) gel to one side of one member 
of a pair, and observing subsequent grooming. Voles were 
tested in their home cages under red light, with all food and 
water removed from the cage. CMC (3% solution, 2.5—3.5 g) 
was applied randomly to the right or left side of each subject, 
from neck to rump. The vole was then returned to the cage to 
interact with its unsoiled partner. 
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TABLE 1 
GROOMING OF A UNILATERALLY-SOILED VOLE BY ITSELF AND ITS PARTNER 





Auto-Groom 
Unsoiled Side 


Soiled Side 


Allo-Groom 


Soiled Side Unsoiled Side 





Pine Vole 
10 min test N 


30 min test N 


26.3 + 10.9 


Meadow Vole 
10 min test N 


0.2 


16 16 
47+ 0.6 


3. 0.8+ 0.5 
9 9 
192.3 + 109.5 


9 9 9 
+ 62 eX 2 0 





*Mean sec + Standard Error. 


Grooming by the two voles was manually-recorded on a 
20 channel Esterline-Angus event recorder by an observer 
who scored, for the soiled vole: head grooming, auto- 
grooming of the right and left sides, and allo-grooming of 
either side of the unsoiled vole; for the unsoiled vole: head 
grooming, auto-grooming, allo-grooming of the right and left 
sides of the soiled vole. 


Data Analysis 


Data for total grooming duration at each body site for 
each test were extracted from all strip chart records. Also, in 
pine vole data from Experiment 2 the average grooming bout 
length for each vole within each test and the average inter- 
bout interval for each vole within each test were also deter- 
mined. Based on examination of grooming sequences, a bout 
interval was operationally defined as any cessation of groom- 
ing lasting at least 20 seconds. Data were analyzed using 
appropriate analyses of variance, and significant differences 
between groups were tested with the Bonferroni ¢ statistic 
[1]. A few tests in which no grooming behavior occurred, 
e.g., voles went to sleep, were excluded from analyses. 


EXPERIMENT | 


METHOD 


Pine vole pairs (N=16) and meadow vole pairs (N=9) 
were initially observed in ten minute tests within the colony 
room. In each test, one vole of the pair was coated unilater- 
ally with CMC, and the sex given CMC was randomly alter- 
nated. Each pair was tested only once. Subsequently, pine 
voles (N=9 pairs) were observed in the same paradigm dur- 
ing thirty minute tests in a small testing room. 


RESULTS 


In the 10 min test, pine voles with soiled fur auto-groomed 
more than they were allo-groomed by their cage partners, 
F(1,30)=8.8, p<0.01 (Table 1). In both allo- and auto- 
grooming, the soiled side was groomed more than the clean 
side, F(1,30)=17.7, p<0.001. The interaction was also signif- 
icant, F(1,30)=7.7, p<0.01, reflecting the extensive auto- 
grooming on the soiled side. The soiled vole engaged in sig- 
nificantly more head-grooming than did the unsoiled vole, 
p<0.005 (Table 2). 


TABLE 2 


HEAD-GROOMING IN VOLES WHOSE SIDE FUR IS OR IS NOT 
UNILATERALLY SOILED 





Soiled Vole Clean Vole 





Pine Vole 
Experiment | 
10 min test 
30 min test 
Experiment 2 
20 min test 


4.1+ 2.0 (16) 
40.3 + 10.7 (9) 


21.9+ 4.3 (16)* 
110.8 + 45.0 (9) 
9.0 + 


42.4 + 20.0 (48) 3.2 (48) 


Meadow Vole 
Experiment | 
10 min test 
Experiment 2 
30 min test 


13.8+ 4.5 (9) 0 (9) 


33.8 + 10.9 (24) 18.0 + 5.9 (24) 





*Mean sec + Standard Error (Number). 


In the 30 min test, there was a significant interaction be- 
tween auto- vs allo-grooming and grooming of the unsoiled 
side vs the soiled side by both voles, F(1,32)=9.5, p<0.005 
(Table 1). Significant contrasts included: total auto-grooming 
by the unsoiled vole, p<0.05, and auto- vs allo-grooming by 
the soiled vole, p<0.05. There was no significant difference 
in extent of head-grooming by soiled and unsoiled voles. 

In the ten min meadow vole test, extent of grooming was 
much less than in pine voles, and grooming of the soiled side 
did not significantly differ from grooming of the unsoiled side 
(Table 1). Durations of auto-grooming also did not differ 
significantly. However, the soiled vole groomed its head a 
longer duration than did the clean vole (Table 2). 


DISCUSSION 


Pine voles, similar to other rodents, increased auto- 
grooming of soiled fur and the head after being coated with a 
substance. Further, uncoated voles selectively allo-groomed 
the coated side more than the uncoated side of their cage- 
mates. This can reflect either social facilitation caused by 
grooming of the coated vole, or responding directly to the 
coated fur. 





GROOMING IN VOLES 


TABLE 3 
AUTO- AND ALLO-GROOMING BY A SOILED VOLE AND ITS CLEAN PARTNER 





Soiled Vole Clean Vole 


Auto-groom Allo-groom Auto-groom Allo-groom 





Pine Vole 
20 min test 149.4 + 21.3* 0.8 + 0.4 10.5 + 3.2 

(48) (48) 
Meadow Vole 
30 min test 181.0 + 59.6 11.0 + 5.3 


(24) (24) 





*Mean sec + Standard Error (Number). 


TABLE 4 


GROOMING PARAMETERS FOR VOLES AS A FUNCTION OF WHETHER THEIR 
FUR IS SOILED 





Unsoiled Voles 
Males 


Soiled Voles 


Females Males Females 





N= 24 24 24 


Bout 
duration (sec) 
Inter-bout 
interval (sec) 
Number of bouts 


95.2 + 20.9 
3.4+ 0.7 


43.0+ 8.6* 74.4 + 


97.8 +2 
7.8 + 


25.8 + 11.2 


72.3 + 22.0 


2.0 + 0.6 





*Mean + Standard Error. 


We cannot account for the surprising disparity in allo- 
grooming durations during the 10 min and the 30:min tests. 
However, in both tests, allo-grooming of the soiled vs the 
unsoiled side was highly variable. Furthermore, the 10 min 
test was conducted in the room where voles were housed, 
while for the 30 min test voles were transported to another 
small room. 

Although performance of meadow voles was consistent 
with that of pine voles, the grooming durations were too low 
to obtain significant effects, except for head-grooming. In 
the subsequent experiment, we increased both test duration 
and number of subjects to obtain more data points. 


EXPERIMENT 2 


In the present experiment, tastants were added to CMC to 
determine whether tastants affect grooming durations in pine 
voles and meadow voles. 


METHOD 


Experimentally-naive pine voles (N=24 pairs) were di- 
vided into three groups. Meadow voles (N=12 pairs) were 
divided into two groups since additional naive animals were 
unavailable. One member of each pair was unilaterally coated 
with a CMC solution: plain; 0.015 M sodium saccharin; and 
for pine voles only, 0.0024 M quinine hydrochloride. Each 
pair was tested twice with the specified CMC solution. A 
single member of the pair was coated with CMC, alternated 


and counterbalanced with respect to sex. Pine voles were 
tested for 20 min and meadow voles for 30 min in.a small 
testing room. 


RESULTS 


Addition of tastants had no significant effect on grooming 
duration in either pine voles or meadow voles. Nor was there 
a sex difference in either species. Auto- and allo-grooming 
by clean and soiled pine voles significantly differed, 
F(2,84)=32.1, p<0.01 (Table 3). The soiled vole groomed its 
soiled side more than it was groomed by the clean vole, 
p<0.01. The soiled vole also engaged in more head-grooming 
than did the clean vole, p<0.01. 

Meadow voles engaged in significantly more auto- than 
allo-grooming, F(1,46)=8.35, p<0.01. The coated vole was 
groomed by its partner more than the clean vole, 
F(1,46)=6.39, p<0.025. There was also a significant interac- 
tion between the two factors, F(1,46)=12.14, p<0.005 since 
allo-grooming exceeded auto-grooming in the clean vole, and 
the reverse occurred for the soiled vole. There was no signif- 
icant difference in extent of head-grooming by the coated 
and the uncoated voles. 

An analysis of bout duration in pine voles showed that the 
average grooming bout duration was significantly longer in 
soiled voles as compared with unsoiled voles, F(1,- 
44)=12.45, p<0.005 (Table 4). Soiled voles engaged in 
more grooming bouts than did clean voles F(1,44)=7.30, 





412 


p<0.025. The inter-bout interval was unaffected by soil on 
the fur. Neither variable was influenced by sex or addition of 
tastants. 


DISCUSSION 


Experiment 2 demonstrates that taste qualities do not 
alter grooming frequency or duration in voles. Addition of 
tastants has been found to affect drinking [16] and gnawing 
behavior [15] however, suggesting that grooming may be 
controlled by a different behavioral system than either drink- 
ing or gnawing. 


GENERAL DISCUSSION 


Previous studies have noted that peripheral stimulation is 
a powerful stimulus to auto-grooming by mice [10], kangaroo 
rats [14] and rats [4]. The present results demonstrate that 
allo-grooming by an unsoiled vole also is increased when its 
partner’s fur has been soiled. Remarkably, the extent of 
allo-grooming exceeds auto-grooming in these voles. Further 
studies could elucidate whether social grooming by the clean 
vole is socially facilitated or is a direct response to the mate- 
rial on the partner’s fur. 

Under normal circumstances, the incidence of allo- 
grooming is very low. One possible control technique for 
vole populations is to apply a toxicant to voles’ fur. Such a 
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method is successful with vampire bats, particularly since a 
few toxicant-coated bats returning to the home roost are then 
allo-groomed by several others. Our findings suggest that, 
although pine voles generally allo-groom very little, soiled 
fur leads to much higher levels of allo-grooming. Since pine 
voles are known to live in groups that include more than one 
adult of each sex [11] it seems reasonable to expect that a 
toxicant-soiled pine vole returning to a home burrow would, 
via allo-grooming, provide toxicant to its nest partners. 
Radio-tracking field studies indicate that a typical living 
group of pine voles includes 2-3 adult males, only one of 
which is breeding, and 2-3 adult females [17]. Soiling a single 
family member could thus create a toxicant system that is 
automatically delivered to the home nest. 
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MENESCAL DE OLIVEIRA, L. AND M. C. LICO. Pain reaction after topical NA and lesions of the obex region in the 
alert guinea pig. PHYSIOL. BEHAV. 28(3) 413-416, 1982.—A study was carried out on the effect of topical application of 
3.0 wg/ul noradrenalin (NA) to the obex of awake guinea pigs bearing electrolytic lesions and submitted to noxious 
peripheral stimulation (electric pulses). The animals with extensive lesions covering the area postrema (AP) and the solitary 
tract nucleus (STN) showed a marked increase in vocalization (V) and defense motor response (M) to the noxious 
peripheral stimulus after NA application. In the group bearing lesions restricted to the AP, the analgesic effect of NA was 
potentiated, with a marked decrease in V and M after noxious peripheral stimulation. These results suggest that the 
integrity of the STN is a fundamental requirement for the analgesic effect of NA topically applied to the obex, and that the 


AP may have an inhibitory tonic action on the STN in the modulation of the noxious reaction. 


Pain NA Obex Guinea pigs 


NEUROANATOMICAL connections between the area 
postrema (AP) and solitary tract nucleus (STN) were first 
established by Morest [14] for different species using the 
method of Nauta. More recently, some investigators [22,23], 
using autoradiographic and HRP methods, respectively, 
showed afferent and efferent pathways connecting various 
bulbar and mesencephalic structures which parallel the cate- 
cholaminergic system already demonstrated [11] for rats. 
Ricardo and Koh [16] reported direct projections from the 
STN to different prosencephalic structures and suggested 
their catecholaminergic nature. Numerous papers have also 
demonstrated abundance of noradrenergic neurons in the AP 
[7,19] as well as in the STN [4, 5, 10, 15, 17, 18, 21]. 

In a previous study [13] we observed that topical applica- 
tion of noreadrenaline (NA) to the intact AP of alert guinea 
pigs submitted to peripheral noxious stimulation produced a 
significant decrease in vocalization (V) and motor defense 
response (M). We proposed that such an effect might be 
dependent on an a-noradrenergic modulatory action from 
the AP to the STN. The objective of the present study was to 
determine whether guinea pigs with extensive lesions of the 
obex (including AP and STN) or with lesions restricted to the 


AP, showed altered responsiveness to a noxious stimulus 
after NA was topically applied to the obex region. 


METHOD 


Fifteen albino male guinea pigs weighing 300-400 g were 
utilized. The animals were anesthetized IP with 40 mg/kg 
nembutal, the dorsal surface of the medulla was reached 
surgically and the floor of the IV ventricle was exposed after 
aspiration of the overlying cerebellum vermis as previously 
described [13]. In one group of animals (n=8), the obex was 
lesioned bilaterally by electrocoagulation under a Zeiss 
stereomicroscope (OPMI 1). Thermocoagulation constantly 
injured the AP as well as the NTS, and occasionally one or 
another surrounding structure such as the dorsal motor nu- 
cleus of the X nerve, the nucleus intercalatus, and the nu- 
cleus of the XII nerve. In another group of animals (n=7), 
the tip of the obex was scraped lightly bilaterally in the 
rostro-caudal direction in order to destroy only the AP. The 
first group was called extensively lesioned (EL) and the sec- 
ond restrictively lesioned (RL). 

While the animal was still unesthetized, a pair of uninsu- 
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lated electrodes was implanted into the subcutaneous tissue 
of one of the hind paws for peripheral noxious stimulation 
with electric shocks, and the animal was placed in a restrain- 
ing box. The parameters studied were vocalization (V) and 
motor defense response (M) to electric shocks before and 
after topical application of noradrenaline (NA) to the obex. 
Polygraphic recording of V and M and chemical stimulation 
of the obex were performed as previously described [13]. 
The edges of the incision at the nape level were infiltrated 
with 2% lidocaine and the experiment was started 3 hr later 
on conscious animals. Baseline movement and vocalization 
responses to noxious stimulations were obtained by applying 
5 series of noxious stimulations consisting of electric shocks 
of 0.5 to 5.0 Volts, 5.0 msec of pulse duration and 100 Hz 
frequency. Experimental sessions of 60 min were then 
started by topically applying NA at a concentration of 3.0 
ug/ul in a sterile 0.9% NaCl solution. A small cotton wick 
(+0.5 mm in diameter) with the ability to absorb 3.0 ul of the 
NA solution was topically applied to the obex with the aid of 
a stereomicroscope and removed after 5 min. Each animal 
received only one chemical stimulation in each experiment. 
Upon topical NA application to the obex, the peripheral nox- 
ious stimuli were applied at 2, 5 and 10 min intervals, fol- 
lowed by 5-min intervals. The responses were continuously 
recorded throughout the experiment not only during periph- 
eral stimulation but also during the intervals, so that the 
spontaneous motor and vocalization behaviour of the animal 
could also be recorded. 

Motor defense response was analysed qualitatively, while 
vocalization was analysed quantitatively by the Student 
paired f-test, with the level of significance established at 
p<0.05. The amplitude of the vocalization recordings was 
measured directly from the tracings obtained during the 
periods of peripheral noxious stimulation using a ruler with 
0.5 mm precision. At the end of the experiment the animals 
were anesthetized and perfused with 10% Formalin. The 
brain stems were removed and processed histologically for 
detection of the extensive or restricted lesions. 


RESULTS 


Figure 1 shows the effect of topical NA application (3.0 
ug/l) to the lesioned obex of the two experimental groups. 
For the animals with extensive lesions, NA caused an in- 
crease in mean amplitude vocalization expressed in mm, not 
only when the peripheral noxious stimulus was applied, but 
also during the intervals. For the animals with lesions re- 
stricted to the AP, the effect of NA was the opposite, i.e., 
mean vocalization amplitude for the extensively lesioned 
animals, 11.2+0.9 mm, significantly increased to 13.6+1.4 
mm, 13.3+1.4 mm, and 14.1+1.8 mm 5, 10 and 20 min after 
NA application, respectively (p<0.05). Furthermore, 7 out 
of the 8 animals in this group showed increased motor de- 
fense response up to 60 min after NA application both during 
peripheral noxious stimulation and during the intervals. In 
contrast, the control mean vocalization amplitude of 8.7+0.9 
mm for the animals with lesions restricted to the AP fell to 
5.4+1.1 mm 5 min after NA application, and the 
antinociceptive effect of NA was more intense during the 15 
min period while peripheral noxious stimulation was applied, 
with mean vocalization amplitude of 3.3+0.5 mm. However, 
the results were significant (p><0.05) from 5 to 50 min (Fig. 
1). Motor defense response was decreased after NA applica- 
tion for 5 of the 7 animals in this group. The effect lasted 30 
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FIG. 1. Variations in mean vocalizing amplitude (Mean ampl. (mm) 
VOC.) caused by topic application of NA (3.0 ug/l) to the lesioned 
obex of awake guinea pigs, bearing extensive (EL) and restricted 
(RL) lesions. Ordinate: Mean ampl. (mm) VOC. Abscissa: periods 
of time when vocalization was tested by application of the noxious 
peripheral stimulus after noradrenalin. The zero point on the 
abscissa is the control mean vocalizing amplitude. The vertical bar 
indicates the standard error of the means. The asterisk indicates 
Statistically significant values for p<0.05. The number of animals 
used in each group is given in parentheses. 
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FIG. 2. Recording of vocalization (V) and defense motor response 
(M) for guinea pig 06, bearing extensive lesions involving the AP and 
STN, when submitted to a supraliminal peripheral noxious stimulus 
(3.5 Volts; 5 msec, 100 Hz) indicated by the horizontal bar (—), 
before (C) and 2, 15, 30 and 60 min after chemical stimulation of the 
obex with noradrenalin (NA). MR=supraliminal response. 


min and was present both during the intervals and during 
noxious peripheral stimulation. 

Figure 2 shows the tracings for vocalization and motor 
defense response for an EL animal, obtained while he was 
submitted to peripheral noxious stimulation (3.5 Volts, 5 
msec and 100 Hz) before and after NA application to the 
obex. An obvious increase in vocalization and motor defense 
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FIG. 3. Recording of vocalization (V) and defense motor response 
(M) for guinea pig 19, bearing a lesion restricted to the AP, when 
submitted to a supraliminal peripheral noxious stimulus (2.0 V; 5 
msec, 100 Hz) indicated by the horizontal bar (—) before (C) and 2, 
15, 30 and 60 min after chemical stimulation of the obex with norad- 
renalin (NA). MR=supraliminal response. 


response occurred after NA application at all intervals 
studied (with or without peripheral noxious stimulation). 
Figure 3 shows the tracing for an animal with lesions re- 
stricted to the AP and submitted to peripheral noxious stimu- 
lation of 2 Volts, 5 msec and 100 Hz. A marked decrease in 
vocalization response occurred after NA application, espe- 
cially at the 2, 15 and 30-min time points, and baseline values 
had not been reached after 60 min. 


DISCUSSION 


Our results show that topical application of NA (3.0 
pg/ul) to the obex of alert guinea pig after extensive lesions 
covering the AP and STN markedly increases motor defense 
response and vocalization to peripheral noxious stimulation, 
in contrast to the inhibitory effect obtained with NA applica- 
tion to the intact AP of alert guinea pig studied in a previous 
investigation [13]. On the basis of the results obtained with 
extensive lesions, we can suggest that the integrity of the 
STN is fundamental for the antinociceptive effect of NA 
applied to the obex to occur. In the absence of the STN, NA 
loses its analgesic action and possibly stimulates circuits that 
strengthen the defense reaction and that might include struc- 
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tures close to the floor of the IV ventricle. As shown in Fig. 
2, increase in vocalization amplitude and in motor defense 
response occurred after NA application during peripheral 
noxious stimulation, as well as an intensified post-firing ef- 
fect during the intervals between noxious stimulation, thus 
indicating a possible activation of circuits that reinforce the 
defense reaction. Several studies in the literature have re- 
ported on bulbar structures involved in nociceptive modula- 
tion. Benjamin [2] and Leblanc and Gatipon [9] found 
neurons responding to noxious stimuli at the obex level of 
rats and cats. In a study on awake cats [3], also reported on 
neurons of the nucleus gigantocellularis which fired when 
cutaneous nerves were stimulated with intense voltages. 
Halpern and Halverson [8] found that cats with lesions of the 
nucleus gigantocellularis had longer latency and higher 
voltage threshold for flight response. Furthermore, destruc- 
tion of the STN interrupts ascending as well as descending 
projections which might participate in nociceptive stimula- 
tion [12, 20]. Ricardo and Koh [16] have shown direct fibers 
from the caudal part of the STN to the prosencephalon of 
rats, suggested to be of a catecholaminergic nature. 

In the present study, the animals with lesions restricted to 
the AP showed opposite effects than obtained for the animals 
with extensive lesions and longer-lasting effects than those 
obtained for animals with intact AP [13]. The decrease in 
mean vocalization response was statistically significant 
(p <0.05) up to the 60-min time point during peripheral nox- 
ious stimulation after topical NA application. The motor de- 
fense response was also inhibited for 60 min for most 
animals. These results lead us to assume that the AP might 
have a tonic inhibitory action on the STN because, after AP 
destruction, the antinociceptive effect of NA is intensified 
and prolonged. This hypothesis was also advanced by 
Barnes et al. [1] and Ferrario et al. [6], who observed the 
onset of hypotension in dogs with electrolytic lesion of the 
AP. These authors suggested that the AP might be part of a 
facilitating system acting on bulbar cardiovascular neurons, 
whereas the STN may be part of an inhibitory system. Thus, 
after activation of the facilitating system (AP), an increase 
might occur in the inhibitory activity of the STN, which in 
turn might result in decreased tonus of the central sympa- 
thetic efferent vasomotos firings. 

Another hypothesis that could explain our results with 
restricted lesions is that the tissue removed in the AP might 
open the way to the STN for NA, thus increasing the anal- 
gesic action of the drug. 
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TORDOFF, M. G., J. HOPFENBECK AND D. NOVIN. Hepatic vagotomy (partial hepatic denervation) does not alter 
ingestive responses to metabolic challenges. PHYSIOL. BEHAV. 28(3) 417-424, 1982.—The effects of transecting the 
hepatic branch of the vagus nerve were studied in male and female Long Evans rats. No differences between same-sex 
hepatic vagotomized (HV) and sham operated (SHM) animals were found in postoperative body weight, diurnal patterns of 
ingestion, or the response to insulin (4, 8, 12 U/kg, IP), 2-deoxy-D-glucose (125, 250, 500 mg/kg, IP), sodium chloride (10 
ml/kg: 0.5, 1.0, 2.0 M, IP), or polyethylene glycol (10 ml/kg: 30% w/v, SC). These results can be interpreted as evidence for 
a minor role of the hepatic vagus in the total complement of hepatic afferent innervation. 
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THE existence of hepatic receptors that are sensitive to 
metabolic and osmotic changes has received considerable 
support from current literature: Hepatocytes are neurally in- 
nervated [16, 28, 32] (see also [24]) and increase their mem- 
brane potential in the presence of glucose and other anorec- 
tic agents [21]. In addition, intraportal or intraperitoneal ap- 
plication of glucose [20,23], adrenaline [22], or 2- 
deoxy-D-glucose [19] produces a more rapid and greater ef- 
fect on ingestion than intravenous or intramuscular adminis- 
tration. 

Information relating to metabolic and osmotic state 
travels from the liver to the brain in the vagus nerve. In 
animals given bilateral subdiaphragmatic vagotomy, the ef- 
fects of peripherally administered hypertonic saline [13] and 
several anorectics [14, 18, 30, 31] are attenuated. Niijima [17] 
has recorded hepatic vagus fibrils that respond at rates in- 
versely related to the concentration of glucose in a liver per- 
fusate, and Adachi er al. [1] have found alterations of hepatic 
vagus firing in response to sodium chloride infused to the 
liver. Stimulation of the cut end of the vagus causes altera- 
tions in hypothalamic potentials [6]. Similar potentials can be 
produced by application of glucose to the liver and accen- 
tuated by vagotomy [27]. 

The anatomical relations of the liver and vagus nerve in 
the rat are complex and are currently open to argument. For 
example, Adachi ef al. [1] claim that the hepatic branch of 
the vagus is the only branch to innervate the liver. Most 
authors (e.g., [11]) also believe that hepatic innervation 
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Hypertonic saline 


along the route of the dorsal vagus, coeliac vagus, and 
coeliac ganglion is present, and Sawchenko and Gold [26] 
have recently claimed to have cut ‘‘ventral coeliac vagal” 
fibers, suggesting a third possible hepato-vagal interconnec- 
tion. 

Considering Adachi et al.’s [1] claim of sole hepatic in- 
nervation by the hepatic vagus, and because the hepatic 
vagus is, without doubt, the largest and most earily accessi- 
ble branch likely to innervate the liver, it is surprising how 
few studies have attempted to investigate its role in ingestive 
behavior. Adachi er al. [1] found that hepatic vagotomized 
(HV) rats display some impairment of urine concentration 
but no abnormalities in gross ingestive behaviors or body 
weight. Contreras and Kosten [5] have recently discovered 
that in 24-hr preference tests, HV rats consume less sodium 
chloride solution than controls. Unpublished studies by 
Sawchenko, Friedman, and Gold [25] report disruption of 
day:night food ratios in female HV rats and Granneman and 
Friedman [7,8] give results suggesting HV rats respond nor- 
mally to glucose but not fructose. Tordoff, Novin, and Rus- 
sek ({30] and unpublished observations) found that whereas 
truncal vagotomy attenuated adrenaline and amphetamine 
anorexia, hepatic vagotomy did not. 

This experiment is a systematic attempt to investigate the 
role of the hepatic vagus in ingestive behavior. Male and 
female rats given hepatic vagotomies were compared to con- 
trols on a series of standard measures of ingestion and 
metabolic challenges. 
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METHOD 
Subjects and Housing 


Nineteen male and 19 female Long Evans hooded rats 
(Charles River, Wilmington, MA) were used as subjects. 
They were individually housed, with males and females on 
separate racks, in the same vivarium. The room was main- 
tained at 21°C and on a 12:12 hr light:dark cycle (lights on at 
5.00 a.m.). Wayne lab blox (Chicago, IL) and tap water were 
available ad lib throughout the experiment except on the day 
prior to surgery when only water was available. At the start 
of the experiment, the males weighed 161-196 g and the 
females 237-308 g. 


Surgery 


Ten male and 10 female rats received hepatic vagotomy. 
The remaining subjects were sham operated. Each animal 
was anesthetized with an intraperitoneal injection of 50 mg/kg 
sodium pentobarbital, a ventral midline incision was made, 
and the stomach and esophagus exposed. By gentle manipu- 
lation of the stomach, the omentum between liver and 
esophagus was stretched and, if necessary, the median and 
caudal lobes of the liver deflected to reveal the hepatic 
vagus. The hepatic vagus can be seen as a small but discrete 
bundle of fibers leaving the ventral vagal trunk approx- 
imately mid-way between the diaphragmatic hiatus of the 
esophageal vagal trunks and the gastroesophageal border. In 
HV rats, the hepatic vagus was transected and the hepatoe- 
sophageal omentum was severed so that no tissue connec- 
tions between the esophagus and liver were present 
anywhere along the length of the subdiaphragmatic 
esophagus. A binocular microscope (20 magnification) was 
used to verify that no tissue fragments remained. Care was 
taken not to damage the ventral vagal trunk. The hepatic 
vagus of SHM rats was exposed for approximately the time 
required to perform hepatic vagotomy, but the vagus was not 
interfered with. All animals were frequently irrigated with 
physiological saline throughout surgery to reduce adhesion. 
Their wounds were closed with silk suture and Mycatracin 
antibiotic ointment (Upjohn, Kalamazoo, MI) was applied to 
the external cut surface. 


Behavioral Testing 


For all tests, food intake was calculated by scattering 
premeasured quantities of chow on the cage floor and re- 
weighing the remainder at the appropriate times. Food was 
weighed to the nearest 0.1 g for short-term (6 hr or less) tests 
and to the nearest gram for daily measurements. Spillage was 
minimal and so was ignored. Water intake was recorded to 
the nearest millilitre from graduated drinking tubes. Tests 
involving short-term measurements commenced at 10.00 am 
(5 hr after the start of the light period). 


Body Weight 


Body weight was recorded daily for the week prior to and 
the first 60 days after surgery, and then on days when 
metabolic challenges were given throughout the remainder of 
the experiment. A last measurement was taken at sacrifice, 
185 days postsurgery. 


Diurnal Ingestive Patterns 


For a period of 3 days, commencing 10 days postsurgery, 
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food and water intake were recorded just after lights on (5.00 
a.m.) and just before lights off (5.00 p.m.). 


Insulin 


Commencing 20 days postsurgery, all rats received intra- 
peritoneal injections of 1 ml/kg: 4, 8, and 12 U/kg regular insulin 
(E. R. Squibb & Sons, Princeton, NJ) with physiological 
saline as an equal-volume control injection. Each rat re- 
ceived, in counterbalanced order, each dose of insulin and 
saline twice, with 3 days between injections. Food and water 
intake were recorded hourly for the first 6 hr and then at 24 
hr postinjection. 


2-Deoxy-D-glucose (2DG) 


Commencing 54 days postsurgery, all rats received coun- 
terbalanced intraperitoneal injections of saline or 125, 250, 
and 500 mg/kg 2DG (Sigma, St. Louis, MO). The same test- 
ing and measurement procedure as for insulin was used ex- 
cept that only one exposure to each dose of 2DG was given. 


Hypertonic Saline (NaCl) 


Commencing 85 days postsurgery, rats were given in 
counterbalanced order, intraperitoneal injections of NaCl (10 
ml/kg: 0.5, 1.0, 2.0 M) with an equal-volume physiological 
saline injection as a control and 3 days between injections. 
Water consumption was recorded for the first 4 hr and 24 hr 
postinjection. 


Polyethylene Glycol (PG) 


Eight days after the last NaCl injection (102 days 
postsurgery), rats were given subcutaneous injections of 
either 10 ml/kg: 30% w/v polyethylene glycol (Matheson, 
Coleman, & Bell, East Rutherford, NJ) or an equal volume 
of saline. Four days later, each rat received the opposite 
injection so that all subjects received both saline and PG. 
During the PG tests, rats were given physiological saline 
rather than water to drink. This was because water con- 
sumption following PG induces an osmotic imbalance that 
inhibits further fluid intake. Intake was recorded for the first 
6 hr and at 24 hr postinjection. 


Statistical Analysis 


Because large differences between male and female rats 
in baseline intakes were present, the data for each sex were 
analysed separately. This treatment was used as it attempted 
to maximize the possibility of finding differences between 
SHM and HV animals by eliminating the variance associated 
with between-sex differences. 

Daily body weight data for each sex were subjected to 
t-tests on days that appeared on a graph of body weight to 
show large differences between HV and SHM animals. 

For diurnal ingestive patterns, a mean daytime and night- 
time measure of food intake and water intake was calculated 
for each animal. Separate t-tests were then performed be- 
tween SHM and HV rats of each sex for each dependent 
variable. A ratio of mean day:night food intake was calcu- 
lated and also analysed using t-tests. 

For each sex, separate three-way ANOVA’s, with Group 
as a nonrepeated factor and Drug Dose and Time as repeated 
factors, were performed on the short-term (first 6 hr, or first 
4 hr for NaCl) food and water intake data from each 
metabolic challenge. To discover where the significance 
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FIG. 1. Mean daytime and nighttime food intake and day:night food intake ratios of sham (SHM) and hepatic vagotomized (HV) rats. There 
were no significant differences between same-sex SHM and HV groups. 


existed, significant effects resulting from the ANOVA’s 
were further analyzed using Tukey’s honestly significant 
difference tests. Twenty-four hour cumulative intakes were 
analysed for each sex using mixed design two-way 
ANOVA’s (Group x Dose). 

For clarity, Figures 2-5 display mean intakes in cumulative 
2 hr blocks. However, for the short-term tests noncumula- 
tive data of every hour was used for analysis. 


RESULTS 
Body Weight 


All rats gained weight steadily following surgery. How- 
ever, at no time tested did HV and SHM rats differ in body 
weight (males: t’s(17)=0.7-1.7, p’s>0.05; females: t’s(17)= 
1.0-1.9, p’s>0.05). On Day 185 postsurgery the mean body 
weights + standard error of the mean for each group were: 
male SHM, 541.9+17.5; male HV, 511.0+21.5; female 
SHM, 344.6+18.2; female HV, 352.3+12.6. 


Diurnal Rhythm 


Figure | displays mean daytime and nighttime food in- 
takes and day:night food ratios of the four groups. There 
were no differences between SHM and HV rats in daytime 
food intake (males: 1(17)=2.05, p>0.05; females: 1(17)=0.76, 
p>0.05), nighttime food intake (males: 1(17)=1.07, p>0.05; 
females: 1(17)=1.85, p>0.05), or in day:night food intake 
ratios (males: 1#(17)=1.67, p>0.05; females 7(17)=1.20, 
p>0.05). 

During the diurnal tests, male SHM rats drank on average 
42.9+3.0 ml at night and 4.3+0.5 ml during the day. Male 
HV animals drank 38.5+1.5 ml at night and 4.9+0.8 ml dur- 
ing the day. There were no differences in intake between 
SHM and HV males (night: 71(17)=1.84, p>0.05; day: 
1(17)=0.66, p >0.05). Female and SHM and HV rats drank re- 


spectively 36.4+2.2 ml and 39.7+4.6 ml during the night 
period (¢(17)=0.66, p>0.05), and 3.7+0.5 ml compared to 
4.1+0.7 ml during the day period (#(17)=0.81, p>0.05). 
Thus, the diurnal tests of food and water intake found no 
differences between SHM and HV rats of either sex. 


Insulin 


Figure 2 shows cumulative postinjection food intake for 
each group and dose of insulin. Analysis of water intake data 
from insulin and 2DG tests revealed patterns of response 
similar to the food intake data. Because food and water in- 
take generally correlate highly, water intake suffered from 
more between-subject variability than food intake, and these 
tests are usually considered related to feeding, the analysis 
of water intake is not presented here. 

Analysis of the short-term food intake data from male rats 
revealed large effects of Dose, F(3,51)=6.30, p<0.001, and 
Hour, F(5,85)=28.34, p<0.001, but no significant effects in- 
volving Groups. Tukey’s tests applied to the hourly means 
showed that rats ate more in the Ist hr than they did in the 
3rd (p<0.05), 4th (p<0.01), or Sth (»<0.05) hours. During 
the 6-hr test period, males consumed significantly more food 
following injections of the highest dose of insulin than saline 
(p <0.05). 

The short-term feeding response data of female rats 
showed a significant Dose x Hour interaction, F(15,225) 
=2.51, p<0.01, and also significant Dose, F(3,51) 
=4.30, p<0.001, and Hour, F(5,85)=31.15, p<0.001, 
effects, but no effects involving Groups. Tukey’s tests 
applied to the Dose < Hour simple main effects revealed 
only one significant result, which was an increase in con- 
sumption following 12 U/kg insulin compared to saline in the 
3rd hr. Irrespective of dose, females ate more in the Ist hr 
than they did in the 4th (p<0.05), Sth (9<0.01), or 6th 
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FIG. 2. Mean food intake response of sham (S) and hepatic vagotomized (V) rats to insulin. M=male, F 
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female. The dark-stippled regions 


represent intake 2 hr, the middle regions 4 hr, and the light regions 6 hr postinjection. Standard errors ranged from: 2nd hr; 0.23—-0.79, 4th hr; 


0.34-0.64, 6th hr; 0.28-0.78. There were no significant differences between same-sex S and V groups. 


significance for the Dose effect. 

The analyses of 24 hr cumulative data for both sexes 
found no significant effects. 

Thus, although insulin caused short-term increases in 
feeding, at no time interval did same-sex HV and SHM 
animals differ in food intake. 

Control (saline) injections in both the insulin and 2DG 
tests produced rates of food consumption that were rela- 
tively high compared to many studies employing similar 6-hr 
tests [10, 15, 29] (but see [9,33] for studies with equally high 
intakes). Since rats in this experiment received more injec- 
tions overall than is typical in such studies, this suggests that 
the degree of habituation to the experimental procedure may 
be a factor determining the amount of food consumed follow- 
ing control injections. 


2-Deoxy-D-Glucose 


Figure 3 shows cumulative postinjection food intake for 
each group and dose of 2DG. 





(p<0.01) hours. Tukey’s tests could not locate a source of 





Analysis of the short-term food intake of male rats follow- 
ing injection of 2DG revealed significant effects due to Dose, 
F(3,51)=8.13, p<0.001, Hour, F(5,85)=66.11, »<0.001, and 
a Dose < Hour interaction, F(15,255)=1.95, p<0.025, but no 
effects involving Groups. Tukey’s tests of the Dose x Hour 
simple main effects found that during the Ist hr, males ate 
significantly more in response to 500 mg/kg 2DG than they 
did to saline. The hourly means revealed that food intake of 
males during the Ist hr was significantly greater than during 
the other five hours (p’s<0.05). No other effects could be 
located by Tukey’s tests. 

The short-term feeding response data of female rats dis- 
played a significant Dose x Hour interaction, F(15, 
255)=1.75, p<0.05, and a significant effect of Hour, F(5, 
85)=39.80 p<0.001, but no effects involving Groups. 
Tukey’s tests of the Dose x Hour simple main effects found 
that during the Ist hr, females ate significantly more in re- 
sponse to 250 mg/kg 2DG than they did to saline (»<0.05). 
Their Ist hr mean intakes were significantly greater than 
their intakes in the 2nd (p<0.05) or other four hours 
(p’s<0.01). 
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FIG. 3. Mean food intake response of sham (S) and hepatic vagotomized (V) rats to 2-deoxy-D-glucose. M=male, F 


2 female. The dark 


stippled regions represent intake 2 hr, the middle regions 4 hr, and the light regions 6 hr postinjection. Standard errors ranged from: 2nd hr; 
0.17-0.49, 4th hr; 0.01-0.34, 6th hr; 0.11-0.52. There were no significant differences between same-sex S and V groups 


The analyses of 24 hr cumulative data for both sexes 
found no significant effects. 

Thus, as with insulin, same-sex HV and SHM groups 
showed short-term increases in feeding following 2DG ad- 
ministration, which were of the same magnitude and dura- 
tion. 


Sodium Chloride 


Figure 4 shows cumulative postinjection water intake for 
each group and dose of NaCl. 

Analysis of the short-term water intake of male rats fol- 
lowing injection of NaCl revealed significant effects due to 


Dose, F(3,51)=25.04, p<0.001, Hour, F(3,51)=77.19, 
p<0.001, and a Dose xX Hour interaction, F(9,153)=8.87, 
p<0.001, but no effects involving Groups. Tukey’s tests of 
the Dose x Hour simple main effects found that during the 
Ist hr, males drank significantly more in response to all three 
doses of NaCl than they did to saline (p’s<0.01). Further- 
more, the two highest doses of NaCl induced significantly 
more drinking than did the 0.5 M dose (p’s<0.05). There 


were no significant effects in the later hours. The hourly 
means revealed that water consumption by males during the 
Ist hr was significantly greater than during the other three 
hours (p’s<0.01). Over the entire 6-hr period, males drank 
more in response to 2.0 M NaCl than to physiological saline 
(p <0.05). 

The short-term drinking response data of female rats dis- 
played a_ significant Dose Hour interaction, F(9, 
153)=8.87, p<0.001, and significant effects of Dose, F(3, 
51)=29.85, p<0.001, and Hour, F(3,51)=92.63, p<0.001, 
but no effects involving Groups. Tukey’s tests of the 
Dose Hour simple main effects found that during the 
Ist hr, females drank significantly more in response to 1.0 
and 2.0 M NaCl than they did to saline or 0.5 M NaCl 
(p’s<0.01). Their Ist hr mean intakes were significantly 
greater than their intakes in the 3rd or 4th hours (p’s<0.05) 
During the short-term tests, females drank significantly more 
following the highest dose of NaCl than following control 
injections (p<0.05). 

Analysis of the 24 hr cumulative intake data revealed no 
significant effects. 
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stippled regions represent intake 2 hr and the middle regions 4 hr postinjection. Standard errors ranged from: 2nd hr; 0.10-0.52, 4th hr; 
0.00-0.45. There were no significant differences between same-sex S and V groups. 


Thus hypertonic NaCl caused large increases in fluid in- 
take which were of equal extent and duration in same-sex 
SHM and HV groups. 


Polyethylene Glycol 


Figure 5 displays the mean saline intake for each group 
following PG. 

Analysis of the short-term saline intake of male rats fol- 
lowing injection of PG revealed significant effects due to 
Dose, F(1,17)=8.38, p<0.025, Hour, F(5,85)=29.23, 
p<0.001, and a Dose x Hour interaction, F(5,85)=2.56, 
p<0.05, but no effects involving Groups. Tukey’s tests to 
investigate the source of the significant effects could only 
locate a significant difference between the Ist and 3rd hour 
means (p<0.05), other comparisons being nonsignificant. 

The short-term saline consumption data of female rats 
displayed a significant Dose x Hour interaction, F(5, 
85)=2.71, p<0.05, and significant effects of Dose, F(1, 
17)=7.75, p<0.025, and Hour, F(5,85)=11.68, p<0.001, 
but no effects involving Groups. Tukey’s tests could locate 
no significant differences between simple main effects or be- 
tween main effects. 


There were no significant effects of the analyses of male 
and female cumulative 24 hr saline intake data. 

Although Tukey’s tests failed to find significant differ- 
ences when applied to short-term tests, both the male and 
female animals tended to show no effect of PG during the 
first 2 hr, and relatively greater intake following PG treat- 
ment in the later hours (see Fig. 5). The delay in response to 
PG probably represents the time required to achieve suffi- 
cient extracellular dehydration to stimulate drinking. 

DISCUSSION 

This study found no significant differences between 
hepatic vagotomized and sham rats in daily and diurnal body 
weight, food intake, or water intake, or in the ingestive re- 
sponses to insulin, 2-deoxy-D-glucose, hypertonic saline, 
and polyethylene glycol. 

We discount the possibility of incomplete or incorrect 
hepatic vagotomy. The hepatic vagus is easy to visualize as a 
discrete fiber bundle. During surgery, it could be clearly seen 
and was deliberately transected in all animals. As a precau- 
tion against the existence of hepatic vagal fibrils not forming 
part of the main hepatic branch, great care was taken to 
ensure that no tissue remained between liver and esophagus 
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FIG. 5. Mean saline intake response of sham (S) and hepatic vagot- 
omized (V) rats to polyethylene glycol. M=male, F=female. The 
dark-stippled regions represent intake 2 hr, the middle regions 4 hr, 
and the light regions 6 hr postinjection. Standard errors ranged from: 
2nd hr; 0.38-1.46, 4th hr; 0.10-0.83, 6th hr; 0.00-1.80. There were no 
significant differences between same-sex S and V groups 


from as high as the esophageal plexus to the cardia of the 
stomach. 

Our finding that hepatic vagotomy did not effect body 
weight and daily food or water intake is in agreement with 
Adachi et al. [1], Contreras and Kosten [5], and Tordoff, 
Novin, and Russek ([{30] and unpublished observations). We 
did not replicate the unpublished finding of Sawchenko, 
Friedman, and Gold [25] that female rats given hepatic va- 
gotomy show disturbed diurnal feeding patterns. Our results, 
like those of Contreras and Kosten [5], showed an increase 
in daytime ingestion in HV rats but this effect did not reach 
significance. One reason for our failure to find a difference 
might be the insensitivity of the test used here. We observed 
diurnal feeding patterns for a period of only 3 days, whereas 
Sawchenko er al. [25] may have used a longer period 
(methodological details of their experiment are not avail- 
able). We consider this explanation unlikely, however, be- 
cause the variance between each of the periods averaged 
together to give a mean measure of daytime or nighttime 
ingestive behavior was much less than the variance between 


subjects. In addition, Contreras and Kosten [5] used a much 
longer period (8 days) of observation in their study. 

In contrast to the results obtained with hepatic vagotomy, 
total subdiaphragmatic vagotomy attenuates 2DG hyper- 
phagia [4,19]. Also, both total and truncal vagotomy (sparing 
the hepatic vagus) attenuate hypertonic saline induced drink- 
ing [13]. These findings reinforce our view ({[30] and unpub- 
lished observations) that the major afferent pathway from 
liver to brain is not through the hepatic vagus, but by way of 
the coeliac ganglion, coeliac vagus, and vagal trunks. If this 
is indeed the case, it suggests that the hepatic vagus conveys 
only a small proportion, or none at all, of the total afferent 
hepatic innervation concerned with behavioral responses to 
metabolic and osmotic challenges. A small proportion of fi- 
bers would, presumably, produce only a minor deficit in re- 
sponse. This might be too small to influence our behavioral 
tests. Alternately, functional recovery by compensation of 
remaining vagal or sympathetic-afferent fibers, or by re- 
growth, might account for the failure to find any deficit 

Recently, several reports employing total or near-total 
denervation of the liver have questioned the importance of 
hepatic metabolic receptors as a determinant of ingestive 
behavior [2, 3, 12]. Our results might be interpreted as 
further support for such a position. However, we caution 
against this interpretation and do not wish to suggest that 
hepatic receptors are unimportant for feeding behavior. We 
can envisage a situation where total liver denervation, rather 
like lateral hypothalamic lesions, produces an animal that is 
apparently normal under most conditions but in response to 
appropriate (see [22]) metabolic challenges would display a 
deficit. Our experiment employed the opposite paradigm, of 
metabolic challenges but only partial liver denervation. Rus- 
sek has argued that the inability to obtain deficits in feeding 
following hepatic denervation is due to the existence of re- 
maining hepatic afferents. Such an interpretation could be 
applied to our results. A study employing metabolic chal- 
lenges in completely denervated animals would resolve this 
problem. 

Niijima [17] and Adachi er al. [1] have provided neu 
rophysiological evidence of hepatic glucose-sensitive 
metabolic and osmotic afferents. As these fibers were de- 
stroyed by our surgery and we saw no deficit in behavior, it 
may be that their function is entirely physiological in that 
they mediate internal regulation of blood solute concentra- 
tions and do not influence behavior. The work of Contreras 
and Kosten [5] suggests a modest role for hepatic osmo- o1 
sodium receptors in behavioral regulation of fluid intake 
The appropriate conclusion from this and other studies 
would thus appear to be that although deficits in urine con- 
centration [1,5] and preference for sodium solutions [5] may 
result from hepatic vagotomy, the hepatic vagus has only a 
minor, nonessential function in osmoregulation and no 
known behavioral function in glucoregulation. 
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DEL BO, A., J. E. LEDOUX, L. W. TUCKER, G. A. HARSHFIELD AND D. J. REIS. Arterial pressure and heart rate 
changes during natural sleep in rat. PHYSIOL. BEHAV. 28(3) 425-429, 1982.—Mean arterial pressure and heart rate data 
during quiet wakefulness and phases of sleep in conscious rat are sampled by a computer at a rate of 100/sec. Average 
values and variability expressed as standard deviation are computed for each recording session. Mean arterial pressure 
and heart rate and their variability decrease from quiet wakefulness to synchronized sleep. During desynchronized sleep, 
mean arterial pressure increases to the level of quiet wakefulness and is more variable than during synchronized sleep. 
Heart rate is lower and more uniform during sleep than during quiet wakefulness, and there is no difference between 
synchronized and desynchronized sleep except that a greater variability occurs during desynchronized sleep. The study 
shows that characteristic and specific cardiovascular changes accompany the phases of sleep and that a hierarchy of arterial 


pressure is present during the resting behavior in rat. 


Arterial pressure Heart rate 
Synchronized and desynchronized sleep 


CARDIOVASCULAR changes during sleep have been ex- 
tensively studied in different species. In cat [3,7], monkey 
[13] and man [2] arterial pressure during the synchronized 
phase of sleep (SS) is lower than during quiet wakeful states 
(QW). In rat, however, the only published report [6] suggests 
that arterial pressure does not change from QW to SS. While 
it is possible that this is a true difference, it is also possible 
that differences in arterial pressure, which are typically small 
in other species, were not detected by the manual analysis 
of polygraph records. Also at difference with the other spe- 
cies where a further fall in arterial pressure has been found 
during desynchronized sleep (DS), in rat the magnitude of 
arterial pressure seems to be greater during DS than during 
both QW and SS [6]. 

In the present study we employed a computer-assisted 
recording technique, which allows the collection and the 
analysis of a quantity of data far greater than is practical 
through a manual analysis. In this way we sought to quan- 
titatively characterize and to differentiate the changes in the 
magnitude and variability of arterial pressure and heart rate 
associated with QW, SS and DS in unanesthetized rats in- 
strumented for chronic electroencephalographic and car- 
diovascular recordings. We shall demonstrate that a hierar- 
chy of cardiovascular changes accompanies quiet wakeful 
states and sleep in the normal rat. 


METHOD 


Animals and General Procedure 


Experiments were performed on seven male Sprague 
Dawley rats weighing 300-400 g. The rats were housed indi- 


Electroencephalogram 


Electromyogram 


vidually in plastic cages in a light cycled (on at 0700, off at 
1900 hours), thermally regulated (20°C) room with free ac- 
cess to food and water. 


Implantation of Cannulas and Electrodes. Recording 


Arterial cannulas for recording of arterial pressure and 
heart rate and electrodes for recording of electroencephalo- 
gram (EEG) and electromyogram (EMG) were implanted in 
the same day. Rats were anesthetized with 2% halothane in 
100% O, blown over the nose through a face mask. 

A plastic (Tygon) cannula (0.4 mm i.d.) was inserted into 
the thoracic aorta via the left common carotid artery. The 
other end of the cannula was threaded through a flexible 
spring. One end of the spring was cemented to the skull. 
After the rat was placed in the cage the other end of the 
spring and the cannula were attached to a hydraulic swivel 
(model 193-03, BRS/LVE, Beltsville, MD) which was 
mounted on the top of the cage. The spring served to prevent 
the cannula from kinking during movement. The cannula was 
kept open by continuous infusion through a syringe infusion 
pump (model 1150 Harvard Apparatus) of 0.9% saline con- 
taining heparin (50 U/ml) delivered at a rate of 0.06 ml/hr. 

Two electroencephalograms, one from each hemisphere, 
were recorded by means of bipolar electrodes from the fron- 
tal and parietal cortex. Stainless steel screw electrodes of 0.8 
mm tip diameter were implanted in the skull through drill 
holes and placed over the dura. For recording EMG two 
stainless steel needles of 0.7 mm external diameter insulated 
except at the tips, were fixed in the neck muscles. Electrodes 
were prepared in advance by soldering them to lengths of 
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wires. All wires from the electrodes were then soldered to a 
miniature, multipin socket (AUGAT, part 8058-1G34). The 
socket was connected to the skull with the dental acrylic 
cement. During the recording sessions, the EEG and the 
EMG were continuously displayed by channels of a poly- 
graph (Beckman Dynograph Type R611). Paper speed during 
recordings varied. In some recordings, a speed (100 mm/sec) 
which allows the determination of the frequency of the EEG 
waves was used. The usual speed of recordings, however, 
was 0.25 mm/sec, a speed which facilitiates the appraisal of 
blood pressure and heart rate changes associated with 
changes in EEG amplitude. 

To record arterial pressure and heart rate in the un- 
anesthetized moving rat, the arterial cannula was connected 
to a strain gauge transducer (Statham P23 Db) which was 
placed outside the cage at the level of the heart. Pulsatile and 
mean arterial pressure and heart rate derived by a car- 
diotachometer (Beckman 9857B) were displayed by other 
channels of the polygraph. 


Recording Sessions 


The sleep recording sessions began three days after 
surgery and took place between 9 a.m. and 7 p.m., the nat- 
ural period of sleep for the rat. The animals were observed in 
an acoustically insulated, grounded and lighted cage. A one 
way mirror allowed the observer to watch the animals during 
the behaviors. The animals were deprived of food and water 
only during the recording sessions. Three patterns of behav- 
iors were defined: 

Quiet wakefulness (QW). the animal lay quietly with eyes 
open; the EEG was desynchronized and of low voltage and 
the EMG always revealed postural tonus; all periods of 
active grooming or exploring were excluded. 

Synchronized sleep (SS). The animal lay immobile with 
eyes closed; the EEG displayed slow waves of high voltage 
(100-300 uV) and EMG activity was reduced. 

Desynchronized sleep (DS). Characterized by body 
relaxation, irregular breathing, and muscle twitches in dif- 
ferent parts of the body; the EEG consisted of low voltage 
waves and the EMG was of the same magnitude than during 
SS or reduced [10]. Sessions were continued until at least 5 
episodes of DS were recorded. 

All periods which could not be ascribed to one of the 
behavioral categories were excluded from the study. 


Collecting of Data and Computer Analysis 


A Varian V-76 Vortex II Multitask digital computer (96 K 
words of memory, 1.175 million words of disk storage), 
equipped with a 16 channel analog-to-digital converter was 
used. In addition to being displayed on paper of the poly- 
graph, the arterial pressure and heart rate data were simulta- 
neously recorded on-line by the Varian computer which 
sampled them at a rate of 100/sec. Incoming data from each 
experiment were digitalized, processed and stored on disk 
for subsequent analysis and display. The observer par- 
titioned the time after the sessions and signaled the beginning 
and the end of each behavioral episode on the computer disk. 
The average and the variability expressed as standard devia- 
tion (S.D.) of mean arterial pressure and of heart rate were 
computed. 
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Statistical Analysis 


For each animal four final average values for each cate- 
gory (QW, SS, DS) were obtained: mean arterial pressure, 
standard deviation of mean arterial pressure, heart rate, 
standard deviation of heart rate. These values were then 
averaged (+standard errors) across the animals and signifi- 
cant differences were determined using analysis of variance 
with a single factor design and the Newman-Keuls test for 
multiple comparisons [8]. 


RESULTS 


A total of 31 recording sessions were conducted, 4+0.4 
for each animal, each one lasting on the average 122+5 min. 

Since rats are less active and more prone to sleep during 
the day, the desired number of episodes of SS and DS could 
be collected during short recording sessions. In fact, during 
each recording session the animals exhibited regular cyclic 
behavior, which included periods of QW, SS and DS. 

The percent of time spent in each of the phases is shown 
in Fig. 1. The high proportion of time spent in SS and DS 
relative to QW indicates that animals were asleep during 
most of the recording time. A similar observation concerning 
the distribution of the periods of arousal and of phases of 
sleep in rat has been previously reported [15]. Periods of QW 
evolved to SS which could be interrupted or by brief arousal 
or by episodes of DS. 

The visual scanning of the EEG recorded patterns re- 
vealed no differences between the two hemispheres. 


Arterial Pressure and Heart Rate During QW and Phases of 
Sleep 

Significant and systematic differences in arterial pressure 
and heart rate and their variability were present during the 
various phases of rest. Those differences were consistent in 
each individual animal. 

Average arterial pressure and heart rate were lower in the 
morning and early afternoon than later in the afternoon, 
while their variability did not differ with the time of the day. 
Nevertheless, the frequency of occurence of QW, SS and DS 
was the same in the morning, early and late afternoon. 
Therefore, the differences to be described in arterial pres- 
sure and heart rate between QW, SS and DS cannot be at- 
tributed to circadian influences. To summarize the results as 
tabulated in Table 1: 

QW. Quiet wakefulness was characterized in all the 
animals by the highest average mean arterial pressure and 
heart rate and by the highest variability of both the meas- 
ures. The largest fluctuations of arterial pressure and of heart 
rate occurred during the slight movements of the animals. 

SS. During SS the mean arterial pressure and the heart 
rate decreased in all the animals and as shown by the re- 
duced variability were more stable and uniform than during 
Qw. 

DS. The DS episodes included in the study lasted from 45 
sec to 4 min (total episodes in all the animals was 230). In- 
creases from 10-50 mm Hg in mean arterial pressure oc- 
curred in 60% of all the episodes. The highest phasic peaks 
occurred either during body twitches or when the animal's 
body was immobile in complete body relaxation, as shown 
by. Fig. 2. There was no decrease of mean arterial pressure at 
the start of any episode. At the end of 41% of the episodes 
there was a drop in arterial pressure coincidental with a brief 
arousal; the animal either awoke completely or continued in 
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FIG. 1. Average percent of time accounted for by QW, SS and DS 
during the recording sessions. SS accounted for the most amount of 
time and DS for the least. Values represent mean+SE averaged 
across all animals (n=7) and all recording sessions (n=31). 


SS. The variability of mean arterial pressure during DS be- 
cause of the large fluctuations increased in all the animals in 
respect to SS. 

In some episodes, as shown in Fig. 2, heart rate too in- 
creased coincidentally with arterial pressure elevations. This 
event was contradicted in many other DS periods, when the 
heart rate showed only minimal changes. The final average 
values were not different in the two phases of sleep. DS was 
nevertheless characterized by a greater heart rate variability 
than SS. 

The frequency polygons of Fig. 3 have been plotted by the 
computer using each second reading of mean arterial pres- 
sure and of heart rate of all animals across all the sessions. 
All episodes of QW (total 265) and of sleep (526 for SS and 
230 for DS) were included. The polygons have been made 
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FIG. 2. Episode of DS occurring during SS characterized by a de- 
crease in voltage of the EEG and of the neck EMG and by tonic and 
phasic increases in AP and HR. 


relative to SS because of the narrowest range of variation of 
arterial pressure and heart rate during this period. The aver- 
age values of mean arterial pressure and of heart rate of SS 
for each session serve as the baseline values for that session. 
These values are subtracted from each value, for mean arte- 
rial pressure and heart rate respectively, as recorded every 
second during QW, SS and DS. In this way the distribution 


TABLE 1 


AVERAGE VALUES AND VARIABILITY OF MEAN ARTERIAL PRESSURE (MAP) AND 


HEART RATE DURING SLEEP IN THE NORMAL RAT 





MAP 
(mm Hg) 


Variability 
of MAP 
(mm Hg) 


Heart rate 
(bpm) 


Variability 
of heart 
rate (bpm) 





Quiet 


wakefulness 


Synchronized 
sleep 


Desynchronized 


sleep 


1+28, 
p<0.01 
87 + 2.85 
p<0.05 





ns 
Lo + 1.74 


7.8 + 0.6 
p- 0.01 
4.5 + 0.35 
p<0.01 
p<0.05 


Les + 0.5- 





302 + 8.0- 
p<0.01 
284 + 5.82 
ns 

p<0.01 





L 287 + 6.04 


p<0.01 


6.5 20.55 
p<0.05 
p<0.01 


Liss + 0.7 








Values expressed as means + SE; significance determined using analysis of vari- 
ance and Newman-Keuls test for multiple comparisons. 
Data obtained from 7 rats during 31 recording sessions. 
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FIG. 3. (a) Changes in mean arterial pressure relative to syn- 
chronized sleep (n=7). (b) Changes in heart rate relative to syn- 
chronized sleep (n=7). for explanation see text. 


of the SS polygons has a mean of 0.0 and mean arterial 
pressure and heart rate during QW and DS can be viewed as 
deviations from the resting baseline. The ordinates indicate 
the percentage of times when the values relative to SS ex- 
pressed by the abscissa occur. 


DISCUSSION 


In the present study we have demonstrated that quiet 
behavior in the normal rat can be differentiated into three 
components on the basis of cardiovascular and electroen- 
cephalographic data. Arterial pressure is lower and less vari- 
able during SS than during QW. During episodes of DS the 
variability of arterial pressure increases and its magnitude 
rises to the level of QW. While heart rate does not differ- 
entiate between SS and DS, it is slower during both of these 
than during QW. Nevertheless, a greater variability of heart 
rate is found during DS than during SS. Although the 
changes in arterial pressure and heart rate observed in the 
present study were in general small, their physiological sig- 
nificance is indicated by their reliability over repeated trials. 
Thus, a heirarchy of cardiovascular changes accompanies 
quiet wakeful states and sleep in the normal rat. 
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Our findings are in part different from [6] earlier results in 
rat. In that study insignificant average changes in arterial 
pressure during QW and SS were observed with the highest 
values occurring during DS. The differences are most likely 
attributable to differences in data collection and analysis. 

The observed changes which occur during sleep may be 
due to the combined effect of changes in suprasegmental 
outputs from the central nervous system and changes in 
baroreceptor sensitivity during wakefulness and different 
phases of sleep. In dog [16] and man [11] an increase in 
baroreceptor sensitivity occurs during sleep. That 
baroreceptors may in fact play a role in maintaining a low 
and uniform level of arterial pressure during SS in the rat is 
suggested by the fact that following destruction of the 
sinoaortic nerves [6] there is an elevation of arterial pressure 
during SS. In addition comparison of the narrow range of 
variability which we observed during SS with the much 
greater range of variation which occurs over prolonged re- 
cording sess:ons in rats with lesions of the intermediate 
NTS, which disrupt baroreflex modulation [12,14], suggests 
that baroreflexes might play a role regulating arterial pres- 
sure during SS. 

While the pattern of arterial pressure changes during SS is 
consistent across a range of species studies [2, 3, 7, 13], 
during DS species differences exist. At difference with what 
we observed in rat, a fall in arterial pressure during DS has 
been found in cat [3,7]. This fall is due to a decrease in 
peripheral resistance [1] and a further drop is prevented by 
the buffer action of the arterial chemoreceptors [5]. In man, 
arterial pressure becomes very unstable during DS, with 
both the lowest and highest values being recorded during this 
period [9], and an increased baroreflex sensitivity occurs 
[11]. Nevertheless, in relation to the bursts of rapid eye 
movement (REM) during DS, small rises of arterial pressure 
and brief episodes of tachycardia or bradycardia as well have 
been recorded in cat [4], while outbursts of tachycardia can 
interrupt the slowing of heart rate induced by infusion of 
angiotensin in man [11]. 

It is likely that these phasic events which mark DS con- 
tribute in a different way in the different species to the result- 
ing cardiovascular patterns. Outbursts of sympathetic vas- 
omotor activity released during DS and not counterbalanced 
by the baroreceptors may thus cause the increase in arterial 
pressure we observed in rat. 

At difference with arterial pressure, heart rate, on the 
average, is not different during SS and DS. One possible 
explanation is that the phasic events influencing heart rate 
may involve both the sympathetic and the vagal outflow, so 
that the net result is more complex and less defined than for 
arterial pressure. 

Using computer-assisted recording techniques we have 
been able to clearly distinguish the changes in the magnitude 
and variability of arterial pressure and of heart rate associ- 
ated with quiet wakefulness and different phases of sleep in 
rat. This method seems the most useful and accurate for 
further evaluating the modifications that might be induced in 
this cardiovascular pattern by manipulation of the central or 
peripheral nervous system in an effort to better understand 
the neural mechanisms underlying circulatory control during 
sleep and other behavioral states. 
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DHUME, R. A. AND M. G. GOGATE. Water as entrainer of circadian running activity in rat. PHYSIOL. BEHAV. 28(3) 
431-436, 1982.—The present work is designed to study the competing influence of periodic presentation of water on the 
running activity of the rat having free access to the cues fulfilling his instinctual drives, namely, food, water, male rat and 
primed female. Seven male, adult albino rats were used for the study. The 24 hour activity shift patterns of the incentive 
drives for food, water, male rat and primed female were recorded with the help of a maze-cum-activity cage with an 
automatic recording system fabricated in the laboratory, and under different schedules of periodic presentation of water. It 
was observed that the activity pattern shifted towards the drinking period with burst of running preceding water presenta- 
tion. The findings of this study show that periodic water presentation is as significant as periodic food presentation in 


entraining the circadian running activity of the rat. 


Water Entrainment Circadian running activity 


THE rat’s running activity is basically dependent on search 
to satisfy at least four instinctual drives, viz. hunger, thirst, 
sex and social behaviour for cohabitation in a colony. In a 
natural environment where all these cues are available, the 
animal will move towards the cue guided by his preferential 
drive at selected periods of the geophysical day. While it is 
generally accepted that light-dark cycles (L-D cycles) are 
major synchronizers of circadian rhythms, a few other en- 
vironmental cues have been shown to be capable of entrain- 
ing circadian rhythms in absence of LD cycles, such as social 
cues [1], electrostatic fields [4], sound [10], periodic presen- 
tation of food [2, 5, 11, 12, 14] and periodic presentation of 
food and water together [8,9]. The interaction between 
light-dark cycles and the periodic access to food influencing 
the running activity was studied so far [5,6]. It is however 
generally agreed that it is more useful to study entrainment in 
natural environmental conditions, under combined effects of 
all probable environmental cues, each of which may individ- 
ually be capable of influencing circadian running activity [7]. 
Furthermore, it is not clearly reported in the literature 
whether or not periodic presentation of water alone is capa- 
ble of entraining the circadian running activity in the rat 
when the animal is presented with all probable cues in nat- 
ural environment. In this work we intend to study the com- 
peting influence of periodic presentation of water on running 
activity of the rat having free access to cues fulfilling his 
instinctual drives namely food, water, male rat and primed 
female rat. 


METHOD 


Animals 


Seven male, adult albino rats weighing approximately 300 
g were used in the present study. Before selecting the 


animals for the study they were housed separately after their 
normal weaning period. Water and powdered rat food (Hin- 
dustan Lever) supplemented with vitamins and minerals 
were provided ad lib and the animals were grown for about 
six months. A strict protocol of daily body weight, water 
intake and food intake was observed. 


Apparatus 

The circadian running activity was studied with the help 
of maze-cum-activity cage for evaluation of circadian incen- 
tive drive in rats. The details of this apparatus are described 
elsewhere [3]. In this apparatus the animal had access to all 
four goal compartments, two on the right side and two on the 
left, through doors with guillotine shutters. The food and 
water are provided in compartments placed diagonally op- 
posite to each other, whereas, male rat and primed female rat 
are kept in remaining goal compartments. While the rat can 
have direct contact with water and food trays in the respec- 
tive compartments, the male and female rats present in other 
compartments are separated with a grid so that these cue rats 
cannot enter the maze-box; however, the animal under ex- 
periment is able to come close to them without being directly 
in contact with these cue animals (Fig. 1). 


Procedure 


The animals were given 15 days to adapt to the maze- 
cum-activity cage and subsequently the behaviour of every 
animal was recorded for about three months. The cage was 
opened once daily to clean the chambers, to measure daily 
food and water intake and then replenish with food in pow- 
der form and water, both ad lib. The cage was opened at 
different times between 9 a.m. to 12 noon, in order to pre- 
vent conditioning of the animal to a fixed period of the day. 
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The light in the room was subject to natural day-night en- 
vironmental luminosity changes. The purpose of avoiding 
control luminosity by artificial means is to keep the animals, 
as far as possible, in this natural den environmental luminos- 
ity at central platform. 

The running activity recorded from the start box was an 
index of movements recorded during the activity of the 
animal on the central platform through the maze as well as 
the one due to entry and exit of the animal in each goal 
compartment. As such, in the present work, the record from 
central platform is taken into consideration for compiling and 
evaluating the global activity pattern of the animal for 24 
hours. The records from goal compartments were compiled 
and studied separately to evaluate the relative strength of 
each one of these nonphotic entrainers on running activity. A 
separate chart was made for each rat by drawing an event 
record of activity corresponding to a 24 hour period beneath 
each of the alternate days of recording (Figs. 2 and 3). Thus 
each horizontal line represents single day’s activity recorded 
on alternate days. 


Experimental Schedules 


In schedule I water was presented to the animal for 24 
hours. In schedule II the water was made available from 9 
a.m. to 12 a.m. (3 hrs). In schedule III this period of water 
presentation was shifted from 2 p.m. to 5 p.m. (3 hrs). In 
schedule IV water was made available from 5 p.m. to 9 a.m. 
of the next day (16 hrs). In schedule V the period of water 
presentation was brought back to that of the original baseline 
experiment (24 hrs). During all these experiments, the animal 
had free access to other compartments, namely, food, male 
rat and female rat for 24 hours. 


RESULTS 


The representative records of activity shift patterns from 
two out of seven animals studied are represented in Figs. 2 
and 3. In the first schedule (beginning of chart up to arrow I) 
water was avilable for 24 hours. In this schedule, the rat’s 
running activity was mostly observed between 8 a.m. and 9 
p.m. indicating basal diurnal pattern of the rats grown in 
colony in the laboratories and fed during the daytime. This 
baseline pattern was not identical in all the rats, but most of 
them showed a predominance of activity during the daytime. 
The period of 1 a.m. to 5 a.m. was most often the period of 
least activity. 

In the second schedule (from arrow I to arrow II) water 
was made available only for a three hour period, i.e., from 9 
a.m. to 12 noon. Initially there was a disruption of the normal 
pattern, the animal showing irregular activity for the initial 
two days; but on the fourth day their activity was very much 
increased for the entire 24 hours; this gradually shifted 
towards the drinking period and subsequently the pattern 
was stabilized showing a burst of activity preceding the 
water presentation time schedule. 

In the third schedule (from arrow II to arrow III) water 
was available from 2 p.m. to 5 p.m. A disruption of the 
previous pattern was observed at the end of the schedule and 
the activity once again increased during the 24 hour period; 
within four days activity shifted and was limited to around 
the drinking time, a burst of activity preceding the drinking 
time. The pattern was stabilized after 10 days. 

It is to be noted that the bursts of running activity preced- 
ing the drinking period was not necessarily followed by an 
increase of activity in the water chamber during the water 
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FIG. 1. Top view: Diagram of maze-cum-activity cage showing cen- 
tral start box and 4 compartments. The metal framework suspended 
in the start box has opening for the rat to shift from one goal com- 
partment to another goal compartment. The guillotine type shutter is 
provided at the goal compartment entry which can be closed when 
desired. Five pilot bulbs are fixed on connection box for visual 
monitoring of shifts of animal in four compartments and flickering 
light of central platform movements. Lateral view: The lateral sec- 
tion of the same box showing the entry of the experimental animal in 
the goal compartment of the cue animal. The grid placed at half 
distance in the compartment separates the rats thus preventing the 
cue animal to enter into the maze. 


presentation period, probably because the animal was 
satiated with water at the initial period of water presentation. 
The activity was sometimes seen in other chambers such as 
in the food chamber after a short period of water presenta- 
tion. It is likely that the hunger drive was kept in abeyance 
partially until water was presented (Fig. 4). Thus the shift of 
running activity pattern showing bursts preceding water pre- 
sentation as recorded on central platform, is the significant 
feature of entrainment by water presentation. 

In the fourth schedule (from arrow III to arrow IV) water 
was made available from 5 p.m. to 9 a.m. of the next day (16 
hours). It was seen that the activity was spread along the 
entire period of the night with a tendency to decrease the 
burst of activity during the period preceding water presenta- 
tion, unlike the case in the second and third schedule. It is to 
be noted that though the food was available during the night, 
the activity was not totally reverted to nocturnal pattern but 
showed two separate bouts of running activity, the first 
corresponding to the usual activity during the morning and 
the other spread along the night period, thus showing dis- 
sociation of bouts of activities presumably one for food and 
another for water (Fig. 4). 

In the fifth schedule (from arrow IV to the end of record) 
the environmental conditions were brought back to the con- 
ditions as in the first schedule providing free access to all the 
cues including water for 24 hours. The animal had a free 
baseline pattern as shown in the first schedule. The animals 
returned to their normal running pattern within a period of 
one week. 
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FIG. 2. Record of circadian running activity from central platform of start box of the animal No 
GD 5S. The activity is indicated by downward deflection. The thick lines of quadrangles projected on 
the record indicate the period of presentation of water in each schedule of experiment. The section 
of record above arrow I is the base line experiment during which animal had free access to water for 
24 hours. The section of the record between arrow I and arrow II is the portion of experiment 
during which the animal’s access to water was restricted to 3 hours (2 p.m. to 5 p.m.). The section 
of record between arrow III and arrow IV corresponds to the period during which water was 
restricted to 16 hours (5 p.m. to 9 a.m. of next day). The portion of record below arrow IV 
corresponds to period during which the conditions were reverted to the same as initial base line 
experiment. During all the schedules the rat had free access to other compartments having respec- 
tively food, male rat and female rat. 





TIME OF THE DAY (HRS) 
12 iS U 2!) 








2 


DHUME AND GOGATE 





| 
vrs 


ai rt Tm) on so 





— — 











T 





T 





| 
































THT 












































ToT 











wi Tf 








Tt aT 
















































































} 
T Tia Ttry Tt ut ae WT 
ry 


} 














Lit LL Be iaiesial T wl 


| 








FIG. 3. Record of running activity of the animal No. GD 7. Explanation is the same as for the Fig. 2. 
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FIG. 4. Activity record displaying simultaneously the activity of the rat No. GD S in all 5 channels. 
The activities are indicated by downward deflections. The graph of each schedule is a stabilized 
representative record taken of the last day of each schedule. The thick lines of quadrangle projected 
on the record indicate the period of presentation of water in each schedule of the experiment. 
Schedule I—water for 24 hours. Schedule Il—water for 3 hours (9 a.m. to 12 p.m.). Schedule III— 
water for 3 hours (2 p.m. to 5 p.m.). Schedule 1V—water for 16 hours (5 p.m. to 9 a.m. of next day). 
Schedule V—water for 24 hours. Channel |—food; channel 2—male rat; channel 3—central plat- 
form; channel 4—water; channel 5—female rat. 





DISCUSSION 


The results in the first instance indicate that periodic pre- 
sentation of water synchronizes circadian running activity in 
the rat and that, like food and other nonphotic cues, water 
could act independently as entrainer of rat’s running activity. 

The primacy of LD cycles as a zeitgeber has long been 
acknowledged. The efficacy of nonphotic zeitgeber 
entrainers and their ability to override the effects of concur- 
rent LD cycles have been demonstrated. Many reports are 
available to establish the relation between photic and non- 
photic zeitgebers [13]. Edmonds and Adler [5] demonstrated 
that presentation of food was as effective as LD cycles in 
entraining circadian running activity in the rat. They, how- 
ever, presented liquid food to the animals, while water was 
supplied in a separate container. This raises doubt as to 
whether the entraining was either by food alone or by water 
alone or by both. The present work in which water was 
periodically presented to the animal separately, suggests 
that, like food, water alone can be an equally strong and 
independent entrainer in the rat’s running activity. 

Rusak and Zucker pointed out that ‘“‘the circadian 
rhythms have major adaptive significance because they help 
to synchronize the organism for periodic fluctuations in the 
external environment and also facilitate integration of the 
individual internal media”’ [13]; as such, running activity 
which is under internal control will be shifted towards the 
availability of external environmental cues that fulfil instinc- 
tual drives at the particular periods of the day. It is obvious 
that the free-feeding squirrel monkey eats during the daytime 
and free-feeding rats in a natural environment eat mainly by 
night, because the environmental conditions such as avail- 


ability, visibility, etc. are favourable to the animal at that 
period of the solar day. It is our observation that albino rats 
are more active during the daytime and rest in the late hours 
of night, probably because food and water were provided 
during the daytime to these laboratory animals. In this con- 
nection, light may be considered a correlated stimulus which 
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because of regularity of its period, can help the animal to 
predict the daily availability of food, water and socio-sexual 
cues and thus acts as a major entrainer. 

The present work leads us to suggest that there are sepa- 
rate endogenous oscillators for water and food in the control 
of circadian running activity in the rat. While the patterns of 
three hour daytime drinking (refer to schedules II and III) 
showed one long burst of running activity preceding water 
presentation, with activity-shift more towards this period, 
the pattern of 16 hours nighttime drinking (schedule IV), 
showed a spread of activity with short bouts interposed all 
along 24 hours. Though food and water were available to this 
nocturnal animal at night, the pattern of entire activity did 
not shift totally to the nighttime as might otherwise be ex- 
pected. Rather, the morning activity was present in spite of 
the absence of water during that particular period. Further, 
the simultaneous records denoting activity of the animal in 
the four goal compartments reveal that the activity of the 
animal during the daytime was predominantly for food, 
whereas at night the activity was predominantly for water, 
with occasional shifts towards food chamber and that in such 
occasions the entry into the food chamber was always pre- 
ceded by entry into the water chamber (Fig. 4). This dis- 
sociation of drives for food and water at two different 
periods of the day suggests the existence of separate oscil- 
lators for food and water at least during the present experi- 
mental conditions. It seems that both oscillators, probably 
represented by the feeding centre and the drinking centre, 
respectively, are coupled to each other, so that when both 
cues are presented in natural conditions they work in con- 
gruence. 

The findings of this study show that the bursts of running 
activity preceded the onset of periodic water presentation, 
and that this pattern shifted with the water presentation 
period. Thus it seems that periodic water presentation is as 
potent an entrainer as the periodic food presentation in the 
rat’s running activity. 
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CORSI-CABRERA, M., N. BLAZQUEZ, E. GALARRAGA, L. SIGNORET AND P. VALLE. Effect of light deprivation 
on sleep in the rat. PHYSIOL. BEHAV. 28(3) 437-440, 1982.—The sleep-wake cycles of 24- and 30- day-old rats reared in 
darkness from 48 hr after birth (E) were polygraphically recorded in 3 3-hr sessions (0900-1200 hr; 1230-1530 hr; 1600-1900 
hr) and compared to normally reared controls (C). The total amount of paradoxical sleep (PS) over the 3 3-hr sessions of the 
light-deprived rats (E,, and E,.) was significantly less than in the controls (C,,, and C49). The distribution of PS over the 3 
sessions was different for the control groups: C,, showed a significantly greater amount of PS and SWS during 1230-1530 
hr, and C,,, during 1230-1530 and 16-19 hr. Light-deprived groups showed no significant variations neither in PS nor in SWS 
or W within the three sessions. These data fail to support the hypothesis that PS functions as a compensatory stimulation 


under conditions of low stimulation. 


Light deprivation Paradoxical sleep 


It has been demonstrated that sleep is not a uniform state; 
rather, it is composed of different stages which are distin- 
guished by changes in organismic activity. In the human- 
being, these stages have been named stage(s) I, II, III, IV 
and rapid eye movement (REM) or paradoxical sleep. Ac- 
cording to their characteristics, they have been classified 
into two major categories: slow-wave sleep (SWS, Phases 
I-IV) and paradoxical sleep (PS, REM sleep). This proposed 
dualism in which SWS and PS are considered as two qualita- 
tively different states is currently the most widely accepted 
hypothesis concerning the structure of sleep [10,12]. As 
there is a large variation in the activity recorded during these 
two types of sleep, it is possible that the dichotomy extends 
not only to the underlying neurophysiological mechanisms, 
but also to the functional roles which they play in maintain- 
ing the economy of the organism. 

Up to the 1950's, the majority of investigators considered 
rest and restoration to be the principal functions of sleep. 
The discovery of PS, however, provoked a complete 
reevaluation of existing sleep theories: while the charac- 
teristics of SWS are compatible with the idea of rest, those of 
PS are far from fitting into this paradigm. Except for atonia 
of the antigravity muscles, the rest of the organism appears 
to undergo an intense activation which is difficult to recon- 
cile with a purely passive function. During PS, rapid eye 
movements appear together with accelerated and irregular 
cardiac and respiratory frequencies, and muscular atonia 
coexists with spasmic contractions of the musculature [9]. 

Within the nervous system, this activation is even more 
evident: cerebral electrical activity is desynchoronized; a 
hippocampal theta rhythm appears [8]; the single cell activity 
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Neonatal rats 


of the cortex increases [6]; and coritcal and thalamic excita- 
bility reaches levels similar to and in some cases greater than 
those found during the waking state [3]. Furthermore, cere- 
bral blood flow as well as the temperature and oxygen con- 
sumption of the brain is elevated [11]. These alterations to- 
gether with the impossibility of suppressing PS without 
provoking a later compensatory increase in the total time 
spent in this state [4,17] have given rise to various hypothe- 
ses which emphasize different aspects of PS in an attempt to 
explain its role. 

Roffwarg et a/. [15] have proposed that PS functions to 
endogenously stimulate the brain, especially during periods 
of limited external stimulation such as interuterine life or the 
neonatal phase, while Berger [1] has suggested that the vis- 
ual system alone is activated. Ephron and Carrington [5] 
have advanced the theory that PS forms part of a homeosta- 
tic mechanism by means of which an adequate level of corti 
cal excitation is reestablished after long periods of deaffer- 
entation, such as SWS. In contrast, other hypotheses pres- 
ent PS as a necessary physiological state during which impor- 
tant plastic changes take place in the central nervous system 
(CNS), such as the consolidation of memory or even the 
processing of information [7, 13, 14]. 

All these hypotheses presuppose that the quantity of PS 
varies in accordance with certain modifications in the or- 
ganism or the environment. The first three theories suggest 
that a reduction in sensorial stimulation would provoke an 
increase in the need for PS, that is an increase in endogenous 
stimulation in order to compensate the lack of exogenous 
Stimulation, whereas according to the latter, it would be 
predicted that in equal conditions of reduced sensorial input, 
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TABLE | 


MEAN VALUES AND STANDARD DEVIATIONS (SD) IN SECONDS, 
OF PARADOXICAL SLEEP (PS), SLOW-WAVE SLEEP (SWS) AND 
WAKEFULNESS (W) IN LIGHT-DEPRIVED (E) AND CONTROL (C) 

RATS AT 24 AND 30 DAYS OF AGE DURING SESSIONS I, II AND III 

AND OVER 9 HOURS 





I] Ill 9 hrs 
. E Cc E 





Paradoxical Sleep 


605 540 1831 
374. 104 729 


827 987 1937 
255 196 711 
Slow-Wave Sleep 


Mean 4427 5058 5161 2863 13836 
SD : : 679 944 687 742 1599 


Mean 45 4488 4936 4481 4292 13476 
SD ‘ 1108 865 1066 727 1712 
Wakefulness 


Mean 4676 5021 7385 16628 
SD 971 791 1015 927 1998 


Mean 5813 4728 5485 5492 16970 
SD 865 1257 883 1231 1878 





that is, less information to be processed, the need for PS 
would be diminished. 

There exists, however, the possibility that PS is regulated 
by biological factors independent of these environmental 
ones. With the object of discovering whether the quantity of 
PS is fixed or is modified in relation to the amount of external 
sensory stimulation, a group of rats were permanently de- 
prived of light from 48 hr after birth. Their sleep-wake cycles 
were polygraphically recorded at two different ages and 
compared to controls. 


METHOD 
Animals 


A total of 20 newborn Wistar rats (Day 0=first 24 hr after 
birth) were initially divided into two groups: light-deprived 
(E) and control (C). The litters were placed with their 
mothers 48 hr after birth either in a totally dark sound- 
proofed chamber (E) or in normal cages under natural illumi- 
nation (C) where they remained until they were recorded. 
Four groups were then formed according to age: Day 24, 
light-deprived (E,, n=5) and control (C,, n=5); and Day 30 
light-deprived (Ez, n=5) and control (C3) n=5). Every rat 
used was drawn from a different litter. 


Procedure 


Monopolar cortical electrodes were implanted 2 mm from 
the median line, 2 mm posterior to bregma and on the surface 
of the dura mater following a local injection of xylocaine 6-8 
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FIG. 1. Mean values of the total amount in seconds spent in PS by 
each of the four groups of rats over the 9 hr period. Light-deprived 
animals (E) spent significantly less time in PS than non-deprived 
ones (C) (p<0.05). No interactions between this condition and age of 
the rat was found. 


days prior to the recording session. This was the only occa- 
sion on which the experimental animals were exposed to 
light (30-40 min). Bipolar neck electrodes were attached im- 
mediately before the session. 

Recordings of cotrical electrical activity and neck muscle 
tension were made with Day 24 and Day 30 rats over 9 hr, 
divided into 3 sessions of 3 hr each (1, 0900-1200; II, 1230- 
1530; III, 1600-1900) and separated by 30 min periods in 
which the rat was returned to his home cage for feeding. All 
recording sessions were preceded by a 9 hr habituation 
period the previous day in the recording chamber. Experi- 
mental animals were habituated and recorded in the dark 
while the controls were recorded normally. 


Analysis 


The total amount of time in seconds spent in wakefulness 
(W), SWS and PS, was calculated for each of the 3 3-hr 
sessions as well as for the total recording time. 

These variables were submitted to a two-way ANOVA 
being Factor A age (24-30) and Factor B; light deprivation or 
not (E,C). 

Also the significance of the differences of the means for 
each of these variables was compared between session I, II 
and III within each group using the Duncan’s Multiple Range 
Test. 


RESULTS 


The amount of time in seconds spent by the four groups 
(Eos, Exo, Cos, Cao) for each of the 3 3-hr sessions as well as 
for the total recording time of 9 hr is shown in Table 1. 

The two-way ANOVA rendered significant differences 
only for the total amount of seconds spent in PS over the 9 hr 
period for the light-deprivation condition (Factor B). As it 
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FIG. 2. Mean values and standard deviations in seconds of time 
spent in PS by groups C,,, Cyo, E24, Eso, in the 3 3-hr recording 
sessions (1, II and III). Observe the greater amount of PS for group 
C,, during session II and for group C,, in sessions II and III. 


can be seen in Fig. 1, the light-deprived animals spent less PS 
than the nondeprived ones, F(1,16)=3.38, p<0.05, no signif- 
icant differences were found for SWS, F(1,16)=0.02, p >0.05 
or W, F(1,16)=0.02, p>0.05. 

Age (Factor A) yielded no significant differences in any of 


F(1,16)=0.04, p>0.05, W, F(1,16)=0.08, p>0.05. 

No interactions were found between both factors age and 
light-deprivation in any of the parameters measured: PS, 
F(1,16)=1.13, p=0.05, SWS, F(1,16)=0.09, p2=0.05, W, 
F(1,16)=0.13, p>0.05. 

The statistical comparisons for the time spent in PS, SWS 
and W between session I, II and III within each group, 
showed the following results in the non deprived rats; PS 
was not the same over the three sessions as it can be seen in 
Fig. 2, in group C,, was significantly greater during session 
II (1035 sec) than during session I (448 sec, rp 3, p<0.01) and 
III (540 sec, rp 2, p<0.01) and for group Cy» it was greater 
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during sessions II (1104 sec) and III (1987 sec) than during 
session I (562 sec, rp 2, 3, p<0.01). 

SWS in group C,, was significantly greater during session 
II (S080 sec) than during sessions I (3740 sec, rp 2 p<0.05) 
and III (2863 sec, rp 3 p<0.01). No significant variations in 
SWS were found for group Cyp. 

W was significantly lower in group C,, during session II 
(4676 sec) than during sessions I (6611 sec, rp 2, p><0.05) and 
III (7385 sec, rp 3 p<0.01). Again no significant variations 
were found for group Cs, in this parameter. 

On the contrary the results of the same analysis in the 
light-deprived groups yielded no significant variation over 
any of the sessions neither for PS nor for SWS or W. 


DISCUSSION 


The total amount of time spent in W, SWS, and PS over 
the 9 hr recording period is the same at 24 and 30 days of age. 
The values are similar to those found for the adult rat in this 
laboratory [2] and thus indicate that the sleep-wake cycle in 
24-day old rats is already fully developed. 

The greater amount of PS found in group C,,. during ses- 
sions II and III and of PS and SWS found in group C,, during 
session II as well as the reduction of W in the same session 
might possibly reflect a circadian variation, more so because 
this variation is absent in the light-deprived rats, maybe as a 
result of light-deprivation. However, the present experiment 
does not allow any conclusion and further investigation is 
needed to explore the circadian variations in the rat with 
proper methodology. 

The amount of PS during the total recording time was 
selectively and significantly less in the light-deprived animals 
than in the control rats. If PS is a response to a requirement 
for either the general stimulation of the CNS [5,15] or the 
specific stimulation of the visual system [1], the lack of ex- 
ternal stimulation caused by visual deprivation should have 
provoked a compensatory increase in PS. However, our re- 
sults show that the quantity of PS in the experimental rats 
was less than in the controls. These results are in agreement 
with the reduction of PS found in mice reared in im- 
poverished environments for 30 days and the selective in- 
crease in PS in mice reared in enriched environments [16]. 

Our findings do not contradict the hypothesis which re- 
lates PS with plastic processes since a general lack of stimu- 
lation might give rise to a reduction in the need for PS; how- 
ever, neither does our set of experiments provide indisputa- 
ble evidence for this theory since light-deprivation itself 
could be responsible for the effect. 
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SHIMOMURA, Y., J. OKU, Z. GLICK AND G. A. BRAY. Opiate receptors, food intake and obesity. PHYSIOL 

BEHAV. 28(3) 441-445, 1982.—The present studies tested the effect of acute and chronic administration of naloxone on 
food intake of lean and genetically obese (ob/ob) mice. Acute administration of naloxone, a drug which blocks opiate 
receptors, produced a greater reduction of food intake in obese (ob/ob) mice than in the lean littermates. For chronic 
experiments with naloxone, the daily feeding period was shortened to eight hours and two injections of naloxone were 
given four hours apart. With this procedure of scheduled-feeding the food intake of both lean and obese mice was depr’ ssed 
during the first hour after injecting naloxone. However, beginning on the second day of treatment, the lean mice began to 
eat more food than the untreated controls during the eight hour feeding period. Food consumption by lean mice reached 
values 140 to 200% above the control levels between the fourth and sixth day. In the obese mice the rise in food intake was 
more gradual and did not reach 200% of the control value until the sixth day. Body weight changes reflected the changes in 
food intake. In contrast to naloxone, chronic treatment with morphine lowered food intake and blocked the stimulatory 
effect of naloxone. Our findings suggest that endogenous opioids may play a role in signalling satiety and in regulating 


long-term energy balance. 
Opiate receptors Obesity Food intake 
Chronic drug administration 


THE finding of endogenous opioid-like peptides in brain [6, 
11, 21, 22] and the pituitary [5, 8, 12, 23] has stimulated many 
studies on their physiological function [13,14]. In 1978 Mar- 
gules ef al. [15] reported that the concentration of 
B-endorphin, one of these peptides, was significantly higher 
in the pituitaries of ob/ob mice when compared to lean lit- 
termates. They also reported that genetically obese mice 
showed a greater reduction in food intake when naloxone, a 
blocker of opioid action, was given. From their data, Mar- 
gules er al. [15] hypothesized that the genetic defect in the 
recessively inherited obesity of the ob/ob mice might result 
from altered control of the biosynthesis or function of the 
precursor molecule for B-endorphin. Rossier and his col- 
leagues [19] confirmed the elevation of B-endorphin in the 
pituitary of ob/ob mice. However, this elevated level did not 
appear until three months after birth, by which time obesity 
and hyperphagia are already well established [3]. This 
suggested that the high level of immunoreactive endorphin in 
the pituitary was more likely to be a consequence than a 
cause of the obesity. 

One implication of the study by Margules er a/. [15] is that 
the obesity of the ob/ob mouse might be reversible if the 
endogenous opioid receptors could be adequately blocked 
for a sufficiently long period of time. The present studies 
were designed to reexamine the acute effect of naloxone on 
food intake of the ob/ob mouse and to study the chronic 
effects of this drug on food intake and body weight. The 
interaction of naloxone with morphine, a drug which mimics 
many of the actions of endogenous opiates, was also exam- 
ined for a better understanding of the role that endogenous 
opioids may play in the control of food intake and in the 
regulation of energy balance. 


Naloxone 


Acute drug administration 


METHOD 
Animals 


The animals used in these experiments were female 
CS7BL/6J mice which were purchased from the Jackson 
Laboratories, Bar Harbor, ME. The obese (ob/ob) mice and 
their lean littermates (+ or +/ob) were two to three 
months of age. The weight range of obese mice was 50-70 g 
and for the lean control mice it was 20-30 g at the time that 
they were used in the study. All animals were housed indi- 
vidually in stainless steel metabolic cages in a sound insu- 
lated room with automatic illumination from 0600 to 1800. 
Ambient temperature was controlled at 20°C. Mice were 
given free access to water, but Purina Mouse Chow was 
restricted to the times indicated in each experiment. The 
animals were habituated to feeding schedules for at least 
seven days before drug treatment. Body weight was meas- 
ured to the nearest 0.1 g with the aid of a top-loading bal- 


ance. 


Experimental Procedure 


In all experiments naloxone (Narcan® EndoLabs) was 
dissolved in arachis oil or 0.15 M saline. Morphine was dis- 
solved in 0.15 M saline. Control mice were injected with 
saline or arachis oil. Each group consisted of six mice which 
were used for one experiment only. For the acute experi- 
ment (Experiment |) mice were fasted for 12 hours and then 
naloxone was injected at 0900 into ob/ob and lean controls 
The food consumption was measured for one hour after the 
injection. 

In all chronic experiments mice had food available be- 
tween 0900 and 1700. Injections of naloxone was given at 
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TABLE 1 


EFFECT OF NALOXONE ON FOOD INTAKE OF OBESE (ob/ob) AND 
LEAN MICE* 





Food Intake 


(% of Control) 
Dose of 


Naloxone mg/kg Lean ob/ob 





0.05 83.2 w 66.6 + 14.8 
0.50 81.8 a 66.4 + 20.1 
5.0 61.9 3.9 W732 46 





*Food intake was measured one hour after injecting naloxone in 
mice which had been deprived of food for 12 hours. 
Mean + SEM (% of control) (N=6). 


0900 and again at either 1300 or 1700. Food intake was meas- 
ured at several intervals after the 0900 injection of naloxone. 

Naloxone was supplied through the courtesy of Endo 
Laboratories and morphine was obtained from the hospital 
pharmacy. Analysis of variance was used to evaluate statis- 
tical significance. 


RESULTS 


Experiment 1 


Over a range of doses between 0.05 and 5.0 mg/kg, 
naloxone had an acute suppressive effect on the food intake 
of both ob/ob and lean control mice (Table 1). This effect was 
significantly larger (p<0.05) in the ob/ob mice at the 5 mg/kg 
dose. These data on food intake measured over a one hour 
period after injecting naloxone into the fasted mice are simi- 
lar to the results reported by Margules et al. [15] where 
Purina Mouse Chow was available only between 1200 and 
1600. 


Experiment 2 


The first experiment suggested the possibility that chronic 
treatment with naloxone might reverse the obesity of the 
ob/ob mice. In this experiment obese (ob/ob) mice only were 
treated at 0900 and 1700 with naloxone 10 mg/kg suspended 
in arachis oil or with vehicle. Food intake was measured at 2, 
4 and 6 hours after the 0900 injection. Although the mean 
food intake two hours after injecting naloxone dropped to 
between 25 and 32% of control on the first three days of 
treatment, it gradually rose to 47% of control. At four and six 
hours after injection, there was still some depression in food 
intake, particularly on day two through day four, but during 
the latter three days of the study, there was an upward trend 
in food intake until it reached 85% of control. Since the body 
weight of the control and naloxone-treated ob/ob mice was 
the same, it was apparent that these animals were able to 
compensate for the short term reduction in food intake. 


Experiment 3 


Because naloxone has a short biological half-life, the next 
approach to chronic treatment was to use schedule feeding. 
Two injections, one at 0900 and the other at 1300 were given 
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TABLE 2 
EFFECT OF NALOXONE ON THE FOOD INTAKE OF OBESE MICE 





Food Intake 

mg/2 hr 

Day of 
Treatment 


Control Naloxone 





275 
280 
330 
265 
370 
460 
470 


90 + 25 
75 + 45 
85 + 25 
i = 35 
160 + 60 
210 + 65 
100 230 + 65 


I+ I+ It 14 I+ 


SHA A hwWP = 


I+ I+ 





Naloxone 10 mg/kg or vehicle (arachis oil) was given at 0900 and 
1700. Food as available from 0900 to 1700. Food taken between 0900 


and 1100 is reported here for obese (ob/ob) mice as M + SEM. 
(N=6). 


TABLE 3 


EFFECT OF NALOXONE ON FOOD INTAKE OF 
LEAN AND OBESE MICE* 





Food Intake 
mg/8 hr 
Lean Obese 
Day of 


Treatment Naloxone 


Vehicle Naloxone Vehicle 





1320 1500 1600 + 180 1100 + 100 
1400 “ : & 1400 + 220 1200 + 200 
1700 + : x 1280 + 220 1100 + 150 
1200 = 1000 + 190 1300 + 180 
1050 + 25 . 900 + 210 1400 + 110 
1500 + 35 800 50 1600 + 200 





*Lean and obese mice were injected daily at 0900 and 1300 with 
vehicle or naloxone 10 mg/kg. Food was available from 0900 to 1700. 
Food intake in mg/8 hr + SEM were recorded. 


during the eight hours (0900 to 1700) when food was avail- 
able. Both ob/ob and lean mice were included in the treat- 
ment and vehicle groups. One hour after injecting naloxone, 
10 mg/kg in 0.5 M NaCl, food intake of both lean and obese 
mice was significantly reduced. In the ob/ob mice food in- 
take remained reduced at this time interval throughout the 
six days of treatment. In the lean naloxone-treated mice, on 
the other hand, food intake was no longer depressed acutely 
by naloxone from the fourth day onward. Food intake at four 
hours after the first dose and one and four hours after the 
second injection of naloxone was initially depressed or un- 
changed when compared with saline treated controls. By the 
fourth day, however, the cumulative food intake for the 
entire eight hour period in the lean mice had risen to twice 
the control levels where it remained for the rest of the study. 
The actual food intake is shown in Table 3, and the data as a 
percentage of appropriate control group is shown in Fig. 1. 
In the naloxone-treated ob/ob mice, the rise in food intake 
occurred more slowly. The body weights reflected the differ- 
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FIG. 1. Changes in food intake of lean and obese mice treated with 
naloxone. Animals were allowed access to food from 0900 to 1700 
each day. Groups of lean and obese (ob/ob) mice were treated with 
vehicle or naloxone, and the food intake over the entire eight hour 
period plotted as a percent of the vehicle-treated animals. From day 
two onward, the naloxone treated lean mice had a significantly 
higher food intake than their controls. From day four through six, 
the ob/ob also showed a significantly higher food intake than their 
controls. 


ences in food intake. The naloxone-treated lean mice showed 
a stable body weight whereas the saline-treated control mice 
had a small but significant loss of weight, probably reflecting 
the limited daily access to food. In the naloxone-treated 
ob/ob mice there was a slowing of weight loss as the food 
intake rose (Fig. 2). 


Experiment 4 


Finding that the injection of naloxone increased food in- 
take raised the question of whether this drug was acting spe- 
cifically on the opioid receptors or by some other mech- 
anism. If the effect did involve opioid receptors, it should be 
blocked by morphine. 

In the fourth experiment with only lean mice, animals 
were treated with naloxone, 10 mg/kg, morphine, 10 mg/kg, 
or a combination of these drugs injected at 0900 and 1300 
hours. Food was available eight hours each day from 0900 to 
1700. Food intake was measured one, four, five and eight 
hours after the 0900 injection of these drugs. The food intake 
over the eight hours is shown in Fig. 3 and Table 4. After the 
initial suppression of food intake on the first day, the 
morphine-treated groups showed valued which were 80-90% 
of control. The naloxone-treated group, on the other hand, 
showed the same pattern observed in the previous experi- 
ment with a rise in food intake to 160% of control by the 
fourth day. Simultaneous injection of morphine and 
naloxone was associated with a level of food intake and was 
not significantly different from control. 


DISCUSSION 


The experiments reported in this paper have examined 
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FIG. 2. Body weight of lean and ob/ob mice treated with naloxone. 
The initial weights of the obese mice were significantly higher than 
that of the lean mice. During the period of restricted access to food, 
the obese mice in both the naloxone treated and control groups lost 
weight, although this weight loss stopped between days five and 
seven. In the lean animals, the groups treated with naloxone lost no 
weight, and indeed showed a small upward trend. 
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FIG. 3. Effects of naloxone and morphine on food intake on lean 
mice. Lean C57 B1/6J mice were treated with naloxone morphine or 
a combination of the two. Food intake was restricted to eight hours 
daily. The morphine treated animals had lower food intake, but the 
combination of naloxone with morphine abolished this reduction. 
Naloxone alone increased food intake above control values by as 
much as 160%. 





























TABLE 4 
EFFECT OF NALOXONE AND MORPHINE ON FOOD INTAKE OF 
LEAN MICE* 
Food Intake 
mg/d 
Day of Naloxone and 
Treatment Vehicle Naloxone Morphine Morphine 





1500 + 200 1550+ 130 750+ 100 1300 + 200 


I 

2 1500 + 110 1800+ 140 1200+ 80 1600 + 120 
3 1700 + 350 2200+ 90 1400+ 240 2050 + 150 
s 1600 + 180 2550+ 200 1400 + 230 1800 + 140 
5 2100 + 140 3240+ 100 1650+ 180 2400 + 210 
6 1900 + 140 3100+ 210 1700+ 260 2525 + 180 





*Lean mice were injected at 0900 and 1300 with vehicle, morphine 
10 mg/kg, naloxone 10 mg/kg, or a combination of naloxone and 
morphine. Food was available from 0900 to 1700. Food intake in 
mg/8 hr + SEM were recorded for the 8 hours. 


food intake after acute and chronic administration of 
naloxone, a drug which can inhibit opioid receptors [16, 17, 
20]. When administerd acutely, naloxone reduced food in- 
take of ob/ob and lean mice confirming the earlier observa- 
tion of Margules et al. [15]. On the other hand, chronic 
treatment with naloxone increased food intake, raising the 
possibility that opioid receptors may be involved in signal- 
ling satiety and in the long term regulation of body mass [18]. 

The suppression of food intake after acute administration 
of naloxone has been reported for both mice [4,15] and rats 
[2, 4, 10, 15]. This effect of naloxone is dose-dependent [4, 9, 
10, 15] and is competitively inhibited by morphine. Thus the 
acute suppression of food intake appears to involve opioid 
receptors. Yet, the effects of naloxone do not interact with 
the suppression of food intake seen with d-amphetamine 
[14], suggesting that the mechanism by which naloxone 
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DE WITTE, PH. Perceptual cues of reinforcing brain stimulations in the postero-lateral area of the hypothalamus. 
PHYSIOL. BEHAV. 28(3) 447-455, 1982.—In order to study the perception of intracranial reward in the rat, a rewarding 
hypothalamic brain stimulation served as conditioned stimulus (CS) in an avoidance paradigm. The rate of self-stimulation 
behavior was used to estimate the strength of intracranial reward and reinforcement. Tests of stimulus generalization were 
performed by modifying the electrical parameters of the CS so as to form a set of substitute stimuli (SS). Results show that 
the discrimination gradient depends mainly on the rewarding value of the intracranial stimulation. A Stevensian power 
function relates the percentage of avoidance responses to the intensity of the self-stimulation behavior, which in turn was 
estimated by such methods as continuous reinforcement frequency, fixed ratio schedules, weight, choice, self-regulation 
and cost methods. Moreover, the latency of the avoidance responses is related directly to the magnitude of the self- 
stimulation elicited by the same brain stimulations. On grounds of this data, we assume that the internal decisional process 
could discriminate well between the different brain stimuli on the basis of the rewarding value produced. Differences 
observed between methods evaluating the magnitude of reinforcement induced by the rewarding electrical brain stimuli are 


thus mainly due to differences in motor performances required by each method to obtain the electrical reward. 


Self-stimulation Conditioning Reward 


SELF-STIMULATION behavior obtained by means of the 
introduction of electrodes in the hypothalamus, as in the 
pioneer work done by Olds and Milner [11], seems to be 
strongly affected by variations of the electrical parameters of 
the stimulus. Although this powerful reward has properties 
that distinguish it from conventional reward [21], the degree 
of reinforcing effect of brain stimulations depends, as does 
the reinforcing effect of conventional rewards, on the 
methods used to evaluate it [22]. 

Reward and reinforcement are induced by electrical 
stimulation within the brain. If one defines the rewarding 
value of a stimulus as a goal which becomes the object of 
active search either by internal drive or external incentive 
stimuli [13], reward could thus be considered as what is af- 
fectively perceived as different when various electrical brain 
stimulations are being applied to the brain. In contrast to this 
subjective appreciation of a stimulus by the organism, rein- 
forcement is the level of activation of a particular nervous 
network which, when stimulated, increases the probability 
of occurrence of a response. Using this terminology, each 
reward induced a particular level of reinforcement. More 
over, two physically different rewards could induce the 
same level of activity within the central nervous system and 
thus have the same reinforcing value [20]. 

There are a number of techniques available for estimating 
the mixed rewarding-reinforcing values of brain stimuli: rate 


Reinforcement 


Hypothalamus 


method, FR method, choice method, etc. For instance, using 
the first method, a higher rate of self-stimulation is thought 
to correspond to a higher rewarding-reinforcing value of the 
brain stimulation. A conditioning paradigm can be used to 
evaluate the rewarding value per se of the electrical brain 
stimuli without its reinforcing component. 

The aim of our work is thus to describe the relationship 
between the pure rewarding value of brain stimuli and the 
combined rewarding-reinforcing effects they induce. 


GENERAL METHOD 
Subjects, Electrodes and Histology 


The subjects were male albino rats of a Wistar strain 
weighing 300 g at the time of operation. Each rat was im- 
planted with two monopolar nickelchrome electrodes (0.25 
mm), each of which was insulated except for the cross sec- 
tion of its tip. The region aimed at was the postero-lateral 
hypothalamus. The reference electrode was placed 2 mm 
anterior to the bregma. The stimulating electrodes were im- 
planted stereotaxically according to the following coordi- 
nates: A 3.5 mm behind the bregma, L 1.2 mm, H 8.3 mm 
below the skull surface. Animals were then allowed to re- 
cover one week before being trained for self-stimulation. 

At the end of the experiment, the subjects were sacrificed 
and the brain removed from the skull and put in 10% For- 
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FIG. 1. The figure shows a typical electrode track in the posterior lateral hypothalamus. 


malin solution (in saline) for ten days. The brains were then 
frozen, sectioned at 100 yu and the sections stained with 
cresyl violet. The loci of the electrode tips were determined. 
Figure 1 shows typical electrode placement. 


EXPERIMENT | 


Rats exhibiting steady self-stimulation behavior were 
selected for the experiment. The rats were placed in shuttle 
boxes and trained to avoid a footshock. The shuttle box 
(50x 30x22) was divided by an aluminium wall with 10 cm 
diameter hole. The floor of the box was pivoted so that the 
side on which the animal was standing could be detected by 
means of a microswitch. One and only one rewarding brain 
stimulation served as the conditioned stimulus (CS). The 
values of the electrical parameters of the intracranial 
stimulus were: 0.64 sec train duration, 0.3 msec pulse width, 
delivered at the frequency of 200 Hz. The current intensity 
was kept constant at the threshold which clearly induced 
self-stimulation (it varied between 150-180 A from rat to 
rat). The electrical footshock was delivered 2.5 sec after the 
end of the CS. The duration of the footshock was kept con- 
stant at 0.5 sec while its intensity varied between 20-80 volts 
from rat to rat. The footshock was repeated every 2.45 sec 
until the animal jumped to the safe compartment of the shut- 
tle box so that the floor microswitch stopped the footshock. 
If the animal jumped to the other side of the box without 
having received the brain stimulation, i.e., the CS, he was 
shocked until he went back to the starting compartment. 
This conditioning paradigm was monitored automatically by 
the SKED language through a PDP-8 coupled with a UDC 
(Universal Digital Controller). Animals underwent two one- 
hour training sessions daily. Each session was composed of 


40 trials with a mean intertrial interval lasting 90 sec. Ap- 
proximately 60 sessions were necessary to obtain the 
avoidance criterion. The criterion of acquisition was strictly 
set at 100% avoidance response. Five rats reached this level 
of acquisition. One could postulate that the large number of 
trials needed to achieve 100% correct responding was due to 
a conflict between the rewarding brain stimulation and the 
aversive footshock during training session. However, in the 
rats successsfully conditioned, this conflict no longer exists, 
since they always avoid the footshock [1]. 

The electrical parameters of the CS were then systemati- 
cally modified so as to form a set of substitute stimuli (SS). 
Figure 2 shows the range of values tested concerning the 
frequency, train duration, intensity, and pulse width of the 
brain stimulus. The SS were randomly interposed at the rate 
of one presentation per five or more CS presentations. Each 
SS was presented 20 times to each rat. It should be noted that 
the footshock loop was no longer used during the presenta- 
tion of the SS. Thus, if after receiving the SS, the animal did 
not jump to the other compartment, we could deduce that the 
rat had discriminated between the CS and the SS. 

The percentage of avoidance response elicited by de- 
creases and increases in each electrical parameter forming 
the CS are shown in Fig. 2. 

Furthermore, for each modification of the CS, the same 
animals were also tested in 5-minute self-stimulation ses- 
sions. Each press of the lever delivered one brain stimula- 
tion. Each animal was tested once on each of the five days 
subsequent to the generalization experiment. The perform- 
ances of self-stimulation were compared to the self-stim- 
ulation rate induced by the set of parameters forming the 
CS. Figure 2 shows the obtained percentage of self- 
stimulation behavior for the CS and the sample of SS. 
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FIG. 2. On the abscissa are presented the modifications of the frequency (F), the train 
duration (TD), the intensity (I) or the pulse width (PW) around the CS values. The values of 
the CS are presented in the square, i.e., intensity threshold (Th), 200 Hz frequency, 0.3 msec 
pulse width and 0.64 train duration. The percentage of avoidance responses the SS elicited 
as well as the percentage of self-stimulation behavior the same parameters induced are 
presented on the ordinate. Note that the two kinds of responses (avoidance responses and 
self-stimulation behavior) are characterized by approximately the same shape. 


an the frequency of pulses around 200 Hz, and finally the train 


Figure 2 represents the percentage of avoidance re- duration round 0.64 sec. During modification of any one of 


sponses evoked by the SS. This percentage varies with the these parameters, the others were held constant at the value 


SS from a perfect discrimination (0%) to a complete gener- chosen for the CS. As this figure shows, a perfect discrimi- 
alization (100%). Figure 2 represents the gradients of nation was observed either when the intensity of the brain 
avoidance responses obtained by modifying the intensity stimulation was decreased by 70 wA below the threshold, 
around the threshold, the pulse duration around 0.3 msec, when the pulse duration was reduced to 0.1 msec, when the 
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FIG. 3. The left panel of this figure presents the SS used in Experiment 2. The right figure shows the discrimination gradient obtained. 
The dotted line represents the mean gradient for the sample of rats. 


frequency of pulses reached 50 Hz, or when the train dura- 
tion was 0.08 sec. Thus, in all cases, a decrease in any one of 
the electrical parameters produced a decrease in the per- 
centage of avoidance responses. 

On the contrary, values above those chosen for the CS 
produced two kinds of shapes of avoidance responses. 

For frequencies and train durations above those of the 
CS, a decreasing gradient was observed. 

However, when either the intensity or pulse width was 
increased beyond those of the CS, no decreasing gradient of 
avoidance responses was observed. Animals always general- 
ized these SS. Furthermore, animals continue to generalize 
even when higher I or PW induced motor seizures, showing 
that these two electrical parameters play specific roles vis- 
a-vis the conditioned stimulus. Gradients of generalization 
obtained from these procedures show that the four electrical 
parameters forming the brain stimulation do not have the 
same capacity to evoke the avoidance response. One can 
clearly distinguish between the frequency and train duration 
on the one hand, and the intensity and the pulse width, on 
the other. Does the rate of self-stimulation behavior follow 
the same pattern of performance for all the SS? 

Figure 2 shows indeed that two types of curves of self- 
stimulation behavior were obtained. Modification in inten- 
sity and pulse width gave a decreasing curve for values lower 
than those of the CS, but caused an increase in the rate of 
self-stimulation for intensity values exceeding that of 
threshold, without the occurrence of motor seizures, and for 
pulse widths of durations longer than 0.3 msec. As Fig. 2 
shows, the percentage of self-stimulation, compared to the 
score of self-stimulation obtained with the CS, increases up 
to 200% for an increase of 30 uA intensity or 0.2 msec in 
pulse width. The results are in agreement with previous work 


showing that an increase in I or PW is accompanied by an 
increase in the rate of self-stimulation giving an asymptotic 
curve [8, 12, 14, 15]. On the other hand, a decrease in fre- 
quency or train duration of the CS induced a decrease in the 
rate of self-stimulation. An increase in these two electrical 
parameters finally comes to a decrease in the rate of self- 
stimulation. Previous studies have also shown that an in- 
crease in F [22] or TD [4] is accompanied by a decrease in the 
rate of self-stimulation. 

This data points out the similarity between the shape of 
avoidance response curves and self-stimulation curves. 
Hence, there should exist a close relationship between the 
rate of self-stimulation behavior and the percentage of 
avoidance responses in the conditioning paradigm elicited by 
the same electrical stimulus. 

To test this hypothesis, a second experimental design was 
constructed. 


EXPERIMENT 2 


Another group of ten animals presenting a steady self- 
stimulation behavior was selected. The conditioning 
paradigm remained the same as in the previous experiment. 
The rewarding hypothalamic brain stimulus serving as the 
CS was a pulse train having a total duration of 0.32 sec, pulse 
width of 0.2 msec, and a frequency of 300 Hz. The current 
intensity remained at the threshold that prompted the animal 
to self-stimulate. Five rats reached the 100% criterion of 
avoidance response. 

The electrical parameters of the CS were then modified 
(pulse width, frequency and train duration so as to form a set 
of 11 SS. The response elicited by these new parameters of 
the SS are presented in Fig. 3. As the figure shows, contrary 
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TABLE 1 
THE REWARDING VALUE ELICITED BY BRAIN STIMULATION AS ESTIMATED BY DIFFERENT METHODS 





F Avoidance 
Stimulus sec HZ Response 


Methods Estimating Reward 


CRF  FR3 FRS_ SR WwW 





300 100 

200 96 

200 92 

300 77 
100 
100 
200 
0.1 100 
0.1 100 
0.2 100 
0.1 100 
0.25 0.1 100 


100 

285 

248 
34 

118 

264 
39 ; 
91 : 2 30 

139 19 
46 : . : 97 
32 : . 69 
16 . 10 





Using the rewarding value of the conditioned stimulus (CS) as our reference for comparison, the percentages of 
the mean performance of 6 rats using the following methods are presented in this table: a continuous reinforcement 
schedule (CRF); fixed ratio methods (FR3, FR5); a self-regulation method (SR); a weighing procedure (W); a choice 
method (CH); a cost method (V); and the time spent in self-stimulation (CRFT). The electrical parameters of the 
substitute stimuli (SS) are also represented: the train duration (TD), pulse width (PW) and frequency of pulse (F) 
Note the differences between methods. The percentage of avoidance responses in the conditioning paradigm are also 


represented. 


to the first experiment, the three dimensions (TD, PW and F) 
could be modified at the same time. 

The SS were formed by: (1) slight modifications in the 
electrical parameters, thus avoiding the behavioral disturb- 
ances observed in Experiment 1, e.g., brain stimulation of 
long duration; and (2) the choice of stimulation values evok- 
ing responses which would vary in a continuum from a per- 
fect discrimination to a complete generalization of the brain 
stimuli. 

The percentage of avoidance responses elicited by the SS 
is also presented in Fig. 3. 

The rewarding values elicited by the CS and the sample of 
11 SS were evaluated using sets of six rats. The homogeneity 
of samples was ensured by two observations. On the one 
hand, rats were selected on the basis of the self-stimulation 
level, i.e., self-stimulation consistency from subject to sub- 
ject during the training sessions. On the other hand, the his- 
tological analysis showed that the electrode tips of the differ- 
ent subjects forming the experimental groups were randomly 
distributed within the target area. Seven different methods of 
scaling the rewarding effect were desinged [4] (Table 1). 

1. Continuous reinforcement frequency (CRF). This pro- 
cedure refers to the absolute number of bar pressings for 
brain stimulation during 5-minute sessions. Rats were sub- 
mitted to two daily trials for a total of 30 min. At the end of 
each presentation, the number of stimulations received was 
recorded. 

2. Fixed ratio schedules (FR 3 and FR 5). Three and 5 
presses were necessary to obtain one brain stimulation. The 
absolute number of brain stimulations during 5-minute ses- 
sions was recorded. 

3. Weight method (W). Rats exhibiting steady self- 
stimulation behavior were permitted to self-stimulate for an 
electrical reward during a I-minute “‘warm up.”’ Every 30 
seconds thereafter the experimenter progressively loaded 


the bar in 30-gram increments. The session was stopped 
when the subject pressed on the loaded lever less than twice 
for a given weight. The maximal weight accepted by the 
subject was calculated. 

4. Choice method (CH). Subjects were trained to choose 
electrical brain stimulation by pressing a bar in a paired pre- 
sentation of two brain stimuli delivered by two levers. The 
percentage of times that each parameter combination was 
chosen was calculated. As such, each stimulus was paired 
with the other 12 brain stimulations (11 SS and 1CS) during 
the choice sessions. 

5. Self-regulation method (S-R). Subjects were allowed to 
regulate the duration of the brain stimulation during 15- 
minute daily sessions. Pushing down the lever turned on the 
brain stimulation, letting up on the lever turned it off. The 
rate of bar pressing selected by animals and corresponding to 
the train duration described in Fig. 3 was recorded. 

6. Cost method (V). The procedure tested the maximal 
voltage of the footshock tolerated by the rat during the 
5-minute self-stimulation sessions. The footshock was in- 
crementally increased every 6 seconds by 2 volts until the 
subject had escaped to the safe half of the box. The mean 
voltage of the footshock that proved sufficient to abolish the 
self-stimulation behavior was recorded. 

7. Continuous reinforcement frequency time (CRFT). 
This procedure refers to the amount of reward consumed 
during the CRF experiment, indicated by the percentage of 
time animals had effectively self-stimulated their brains by 
the CRF method. 

The responses of the rat for each brain stimulation were 
expressed (Table 1) as a percentage of the response to the 
conditioned stimulus Z. The function relating the percentage 
of avoidance responses to the self-stimulation values the 
same brain stimulations evoked, as estimated by the differ- 
ent methods, was then computed. 





RESULTS 


Figure 3 represents the percentage of avoidance re- 
sponses evoked by the SS. We found that this percentage 
varies with the SS from a perfect discrimination (stimulus K) 
to a nearly complete generalization (stimulus A). The mean 
Bravais-Pearson correlation between the avoidance re- 
sponse of each rat and the mean of the sample was 0.87. 

As Experiment | indicated, when the strength of the in- 
tracranial reward of a SS is equal to the strength of the re- 
ward elicited by the CS, the new stimulation, while different 
in its electrical parameters, yields a generalization. On the 
other hand, the more the SS differs in rewarding value from 
the CS, the better the discrimination will be. Table 1 shows 
the percentage of the rewarding value estimated by eight 
methods for the CS as well as for the sample of SS. The 
results were expressed as a percentage of the rewarding 
value elicited by the CS. 

In order to study the relationship between the percentage 
of avoidance response to the discrimination task and the 
self-stimulation the SS elicited, the mathematical function 
that fits the observed points was calculated. These were 
made on uniform, semi-logarithmic and log-log scales. In all 
cases, the data mathematically fit a power function. Table 2 
shows these results. 

On the basis of these data, it appears that perception of 
electrical stimuli applied to the brain follows the same laws 
as other physiological sensory capacities [16]. These results 
will be discussed later in the General Discussion. 

Nevertheless, as Figs. 2 and 3 show, the percentage of 
avoidance responses, as well as the self-stimulation the SS 
elicit, are often inferior to those elicited by the CS. What 
would happen if the self-stimulation elicited by brain stimu- 
lations (SS) were superior to that induced by the CS? 


EXPERIMENT 3 


In order to test this relationship, animals were con- 
ditioned with the parameters J of Experiment 2. The values 
of parameter J were 0.5 msec train duration, 0.1 msec pulse 
width, 100 Hz pulse delivery; the intensity remained at the 
self-stimulation threshold. 

The conditioning paradigm remained identical to that in 
Experiments | and 2. Three animals, after ending Experi- 
ment 2, were reconditioned with stimulus J. After four ses- 
sions, i.e., in 1/15 the time of the first conditioning, they 
reached the criterion of 100% of avoidance responses indicat- 
ing the disappearence of the conflict observed in Experiment 
1 between CS and UCS. Two naive rats exhibiting steady 
self-stimulation behavior were also conditioned and reached 
the 100% criterion of avoidance responses. 

Then the same sample of SS as in Experiment 2 was pre- 
sented for generalization tests to the 5 rats. No differences in 
performances were observed between naive rats and the 
others. The self-stimulation performances elicited by the 
sample of SS, but compared this time to parameter J, is 
presented in Fig. 4. 


RESULTS 


As Fig. 4 shows, the percentage of avoidance responses 
elicited by the sample of SS does not vary from the maximal 
percentage of avoidance responses possible (i.e., 100%; Stu- 
dent f-test accepts the equality of percentages to 100 for 
a=0.05). In other words, animals never discriminate between 
brain stimultion that yield differing intensities of self- 


DE WITTE 


TABLE 2 


PRESENTATION OF THE EXPONENTS OF THE OBTAINED 
POWER FUNCTIONS 





Reward-Reinforcement Continuum Exponent 





Continuous reinforcement schedule (CRF) 1.12 
Fixed ratio 3 (FR3) 0.91 
Fixed ratio 5 (FR5) 0.85 
Self-regulation (SR) 0.71 
Weight procedure (W) 0.68 
Choice procedure (CH) 1.13 
Cost procedure (V) 0.93 
Time spent to self-stimulation (CRFT) 0.87 





In the first column are presented the different procedures estimat- 
ing the reward-reinforcement. 


stimulation as long as they self-stimulate more than for the 
CS. When compared with the self-stimulation induced and 
measured through the eight methods, this figure points out 
that, for the sample of methods, the self-stimulation elicited 
by the SS is higher than that elicited by the CS. For example, 
the self-stimulation induced by a significant number of pa- 
rameter combinations reached 1000% (“‘choice’’ curve) as 
compared with the CS. Thus, animals will generalize any 
brain stimulation eliciting self-stimulation higher than that 
induced by the CS. Up to now we have only considered the 
percentage of avoidance responses as a dependent variable. 

Another variable estimating stimulus generalization was 
taken into consideration, that of response latency. 


Response Latency 


During test periods of short duration (Experiments 2 and 
3) of the SS, the latency of avoidance responses was re- 
corded. The latency was defined as the interval from the end 
of the SS presentation to the end of the avoidance response 
measured by the microswitch. A PDP-8 working as a timer at 
0.01 sec intervals recorded the switch contact event, indicat- 
ing the end of avoidance behavior. 

Experiment 2. The response latencies obtained during the 
second experiment are shown in Fig. 5. This figure demon- 
strates that when the self-stimulation elicited by the SS is 
lower than that induced by the CS, the response latency 
increases as the self-stimulation decreases. The Bravais- 
Pearson correlation between these two variables is —.92. 
This means that the percentage of avoidance responses can 
be related via a power function to the self-stimulation in- 
duced, and moreover, a negative correlation exists between 
the response latencies and the self-stimulation induced. This 
is verified only when the self-stimulation induced by the SS 
is less than that induced by the CS [3]. 

Experiment 3. In the case where the self-stimulation in- 
duced by the SS is higher than that elicited by the CS, we 
saw that no discrimination occurred. The percentage of 
avoidance responses remains at the maximal percentage 
possible (100%). 

As Fig. 5 shows, a positive Bravais-Pearson correlation 
(.74) was found between the increase of the self-stimulation 
elicited by the SS and the latency of the avoidance response. 
This means that animals progressively increase their re- 
sponse latencies with the increase of the self-stimulation. 
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FIG. 4. The figure shows the percentage of avoidance response (solid lines) elicited by the SS ranked 
according to the reward they induce, by the 8 methods of measure. The ordinate is expressed in log 
scale. Notice that the reward induced by the SS increases (interrupted line), while the percentage of 


avoidance responses remains equal to 100. 


EXPERIMENT 4 


After Experiments 2 and 3, two rats implanted bilaterally 
and showing in both cases self-stimulation behavior, were 
tested for transfer of stimulus generalization. Thus, animals 
were trained to avoid footshock when presented the CS in 
one hemisphere. The SS were then presented to the other 
hemisphere. In all cases, the percentage of avoidance re- 
sponses did not statistically vary from the percentage ob- 
tained during symmetrical brain stimulations in Experiments 
2 and 3. 


GENERAL DISCUSSION 


The search for cue values during hypothalamic stimula- 
tion must be based on the different dimensions composing 
the brain stimulation [2, 7, 10, 19]. As the first experiment 
shows, modification of the electrical parameters can induce 
differences with regard to the behavior elicited. An increase 
or decrease in pulse frequenc / and train duration of the 
stimulus causes parallel chan; zs in the percentage curve of 
avoidance responses, while an increase in intensity or pulse 
width has no effect on avoidance responses. The physical 
characteristics of the electrical stimulation of the neural 
substrate could thus serve as a cue [5, 6, 9]. 

Despite the fact that these physical parameters of the 


brain stimulus obviously intervene in the excitation of the 
neural fibers, the affective valence of the brain stimulation 
seems to remain the main important discriminative dimen- 
sion. 

During self-stimulation behavior, the electrical stimulus 
served as a reward and induced a positive reinforcement of 
the behavioral approach to the physical stimulation. We may 
thus elaborate different behavioral methods to evaluate re- 
ward combined with reinforcement. Using these methods 
many different parameter combinations may evoke differ- 
ences in the self-stimulation performances. The ranking of 
the electrical stimuli according to the behavioral perform- 
ances induced showed that: (1) for a given method, many 
different electrical stimuli produced the same magnitude of 
self-stimulation performance and (2) for many methods of 
evaluation, the same parameter combination may induce 
differences in the performances according to the method 
tested (Table 1). Hence, it seemed thus that animals self- 
stimulating their brains distinguished quite well any differ- 
ences between electrical stimuli and adapted their motor per- 
formances to the methods evaluating the combined reward- 
reinforcement value. The question stated here is thus to 
know on the basis of which component animals decide that 
various electrical stimulations possess either different or 
identical ‘‘reward-reinforcement’’ power. 
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FIG. 5. The latency of responses in Experiments 2 and 3, i.e., the time which elapses 
between the end of the CS or SS and the end of the jumping response into the safe 
compartment (in sec), is represented on the abscissa. Each point represents the mean of 
the sample’s avoidance responses, when avoidance response occurs during the tests. The 
reward induced by the SS is measured by means of the choice method and is represented 
along the ordinate as a percentage of the CS-induced reward. In other words, the reward 
induced by the CS is equal to 100. The left ordinate represents the number of the reward 
induced by the SS (with squares) and one notes that it is lower than the reward induced 
by the CS (i.e., Z). A negative coefficient of correlation relates the latency of responses 
to the reward value. The right ordinate represents the case of the reward induced by the 
SS sample (with capital letters and filled circles). It is higher than the reward induced by 
the CS (J). Notice that this second CS represents 20% of the reward logged in the first 
case (on the left ordinate) and now, after the conditioning paradigm, takes the value of 
100% (on the right ordinate). Therefore a positive coefficient of correlation relates the 
latency of response to the rewarding value. In other words, the more the reward differs 
from 100% the longer the animal takes to cross to the safe compartment. 


tional but fits a power function as Stevens had shown for the 
relationship between physical stimuli and physiological sen- 
sations. This means that we can measure dimensions other 
than the rewarding power using the self-stimulation perform- 
ances methods. The reinforcement, i.e., the repetition of the 


This means that a method had to be designed in which 
electrical stimulation did not serve as ‘‘reward-rein- 
forcement’ of the behavior but as a unique signal for a 
conditioned response. Using this conditioning method, we 
may approach the perception of the reward per se, induced 


by the brain stimuli and without its reinforcing effects. 

Results show that animals do not discriminate differences 
in electrical stimulation parameters if the latter have similar 
reinforcing value and thus the same rank in the ‘‘reward- 
reinforcement’’ scale obtained with a given self-stimulation 
method [2]. 

Since the electrical brain stimulus in our generalization 
experiment did not serve as reinforcement, we may thus 
assume that the animals perceived the signal used in this 
experiment exclusively in its rewarding dimension. Our gen- 
eralization experiment, therefore, tends to demonstrate that 
animals perceive such electrical stimuli as rewards, i.e., 
pleasant goal-objectives, and that the generalization per- 
centage represents the scale of the sole rewarding intensity 
during the brain stimulation. This rewarding intensity repre- 
sents thus for animals the pregnant characteristic of the in- 
tracranial stimulation. 

The plotting of the scale of the perception of ‘‘reward’”’ 
versus ‘‘reward-reinforcement’’ scales shows that the func- 
tion relating these two magnitudes is not directly propor- 


self-stimulation behavior, seems to be highly dependant on 
the motor adaptation of the animal to get the electrical re- 
ward; consequently, the same electrical reward could 
produce different levels of behavioral reinforcing power de- 
pending on the motor register required by the designed 
method. In other words, it is not sufficient to increase the 
intensity of the reward perceived during brain stimulations to 
automatically increase the reinforcement of the self- 
stimulation behavior. The fact that, depending on the 
method used, the exponents of the power functions diverge, 
again shows that despite equal perception of the reward, the 
obtained reinforcement varies with the tested method. 
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SCHIFFMAN, S. S., T. B. CLARK III AND J. GAGNON. Influence of chirality of amino acids on the growth of 
perceived taste intensity with concentration. PHYSIOL. BEHAV. 28(3) 457-465, 1982.—Amino acids have markedly 
different taste properties depending upon their chirality and the structure of their side chains. They can modify the taste 
quality of foods in which they are found naturally or to which they are added depending on their concentrations. In this 
study, the influence of chirality of amino acids on the growth in perceived taste intensity with concentration was examined 
Serial dilutions of 19 D-amino acids were presented to young subjects who indicated the relative intensities of the dilutions 
using the magnitude estimation procedure. The slopes of the psychophysical functions for 13 of the 19 D-amino acids which 
related log concentration and log perceived intensity were greater than the slopes for L-amino acids that have been reported 
in a previous study. The ratio (average slope D-amino acids)/(average slope L-amino acids) was found to be 1.21. The ratio 
of the slopes for individual enantiomers bears some relationship to taste quality. No conclusive relationships between the 
slopes of the psychophysical functions were found with chemical structure or thresholds, however. Implications for 


receptor mechanisms and nutrition are discussed. 


Amino acids Taste Magnitude estimation 


AMINO acids have markedly different taste properties de- 
pending upon their chirality and the structure of their side 
chains [8, 24, 34-39, 41, 42, 46]. The degree to which their 
presence in food can modify taste quality is dependent upon 
their concentrations. 

Amino acids, peptides, and their derivatives have been 
added to foods to modify their taste properties as well as 
supplement nutrition [I-3, 12, 14, 25, 26]. Alterations in 
amino acid composition or modification of the amino acids 
themselves have been implicated in taste and olfactory 
changes during ripening of cheese [20,30], fermentation of 
wines [11, 17, 22], irradiation of foods [45], and other forms 
of food processing [7, 23, 28, 29, 31, 32, 43]. Amino acid diets 
have also been utilized in treatment of illnesses ranging from 
allergies [10] to cystic fibrosis [13] and uremia [21]. 

The purpose of this study was to determine the influence 
of chirality on the growth in perceived intensity with concen- 
tration for suprathreshold tastes of amino acids. The slopes 
of the psychophysical functions relating concentration and 


Chirality 


perceived intensity for L-amino acids have been determined 
previously by Schiffman and Clark [34]. The slopes for 
D-forms were found here using Stevens’ method of mag- 
nitude estimation [44]. Relationship between the slopes, 
taste detection thresholds, chemical structures, and supra- 
threshold taste qualities were examined for D- and 
L-enantiomers. 


METHOD 

Subjects 

The subjects were 118 Duke University students, 63 
males and 55 females, ranging in age from 18 to 29 years. A 
minimum of 12 and a maximum of 15 individuals tasted each 
amino acid. All the subjects were nonsmokers; none wore 
dentures. Subjects were requested to abstain from eating for 
2 hours prior to the experiment. Magniture extimates for 
L-amino acids had been determined previously for a similar 
group of young subjects [34]. 
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Stimuli 


The stimuli shown in Table 1 were 19 D-amino acids ob- 
tained from Sigma Chemical Company, St. Louis, MO. The 
amino acids were dissolved in deionized water and presented 
to the subjects in 30 ml plastic medicine cups. 

The concentration ranges and number of dilutions for 
each of the D-amino acids were the same as those used by 
Schiffman and Clark [34] to determine the psychophysical 
functions for L-amino acids. These concentration ranges var- 
ied from just above average taste threshold for L-amino 
acids for elderly subjects (see [37]) to those concentrations 
which constituted maximum solubility with mechanical agi- 
tation at room temperature (72°F). The concentrations used 
for a given amino acid were serial dilutions which differed 
from one another by a factor of two. Thus, the stimulus 
range was greater (i.e., more dilutions) for highly soluble 
amino acids and those with low taste thresholds. The range 
in taste intensity varied greatly depending upon the amino 
acid. 


Procedure 


The direct scaling procedure called ‘‘magnitude estima- 
tion’’ [5, 6, 40, 44] was used to determine the relationship 
between perceived intensity of D-amino acids and concen- 
tration in a manner analogous to that employed by Schiffman 
and Clark [34] for L-amino acids. First, subjects were given 
practice in assigning numbers to line lengths as described by 
Gent and McBurney [18]; they also participated in practice 
sessions using taste stimuli as well. 

In an experimental! session, subjects, wearing noseplugs 
to reduce olfactory input, sampled 10 ml of each serial dilu- 
tion for an amino acid, swirling it throughout the oral cavity. 
After tasting each dilution, the subjects assigned a number 
such that the ratios of the applied numbers reflected the 
ratios of perceived taste intensities. The first stimulus pre- 
sented for a given amino acid was a modulus (standard), 
shown in Table 1, which was in the middle of the range of the 
serial dilutions and was assigned the arbitrary value of 10 
intensity units. The remaining serial dilutions were presented 
in randomized order with 3-minute interstimulus intervals; 
the modulus was repeated once again during the trials. De- 
ionized water was used for an inter-stimulus rinse between 
presentation of the stimuli. 


Analysis of Data 


Each magnitude estimate was standardized by multiply- 
ing it by a scaling factor. This was done to normalize the data 
because individual subjects used different ranges of num- 
bers. The scaling factor was computed as follows. First, the 
geometric mean of the magnitude estimates for each amino 
acid for a given subject was computed. The scaling factor 
was developed by dividing 100 by the geometric mean. 


RESULTS 


The logs of the concentrations of the amino acids are 
plotted against the logs of the standardized magnitude esti- 
mates in Fig. 1. For all amino acids, a regression line could 
be fit to the points, indicating that a simple power function 
s=kc" (or log(s)=log(k) + nlog(c)) was appropriate to relate 
perceived magnitude and concentration. The values for the 
slopes for both D- and L-enantiomers as well as their ratios 
are given in Table 2. Thirteen of the slopes for the 19 
enantiomer pairs given in Table 2 were found to be greater 
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TABLE | 


CONCENTRATION RANGES, MODULUS, AND NUMBER OF 
DILUTIONS EMPLOYED 





Range (x 107! M) Modulus 


Number of 
dilutions 


Amino acid Minimum Maximum (x10-? M) 





D-Alanine 2.00 128.00 16.00 
D-Arginine HCl 0.24 61.44 3.84 
D-Asparagine 0.93 14.88 3.72 
D-Aspartic acid 0.05 3.20 0.40 
D-Cysteine 0.039 19.97 2.50 
D-Cysteine HCl 0.002 16.40 0.128 
D-Glutamic acid 0.01 3.42 0.32 
D-Glutamine 2.69 10.76 5.38 
D-Histidine 1.29 20.64 2.58 
D-Histidine HC] 0.039 19.93 1.24 
D-Isoleucine 1.20 19.20 4.80 
D-Leucine 1.29 10.32 2.58 
D-Lysine HCl 0.21 107.52 6.72 
D-Methionine 0.26 33.66 4.21 
D-Phenylalanine 1.91 15.28 3.82 
D-Serine 2.63 168.32 21.44 
D-Threonine 2.00 64.00 8.00 
D-Tryptophan 0.29 4.61 1.15 
D-Valine 1.15 36.80 4.60 





for the D-form when compared with the L-form. The ratio: 
average slope D-amino acids/average slope L-amino 
acids=1.21. 

Threshold values and brief taste descriptions are given as 
well for reference. Thresholds of D-amino acids were de- 
termined in an experiment which took place during the same 
time frame as determination of the slopes [38]. 

Because the concentration ranges for the D-enantiomers 
were based on the thresholds for L-enantiomers, it was 
found that the lowest concentration chosen for some 
D-amino acids could not be tasted by all the subjects, i.e., 
the lowest concentration of a range was below the geometric 
mean thresholds found by Schiffman er a/. [38] for some of 
the D-amino acids. If a subject indicated that he/she was 
unable to taste the lowest concentration, that dilution was 
not included in determination of the slope because on a log- 
log plot, zeros would go to minus infinity probably with a 
zero Statistical weight. 


DISCUSSION 


Relationship of Slopes to Taste Quality 


The ratio of the slopes for L- and D-amino acids bears 
some relationship to taste quality as shown in Table 3. When 
the slope for the D-enantiomer is greater than that for the 
L-enantiomer, the taste quality characteristics can be di- 
vided into three groups. The first group is comprised of 
amino acids that have a definite bitter or meaty component in 
the L-form but not in the D-form. This group includes as- 
paragine, glutamic acid, histidine, leucine, phenylalanine, 
and tryptophan. With the exception of glutamic acid, all of 
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FIG. 1. Logarithms of the concentrations of the amino acids are plotted on the abscissa. Logarithms of the normalized magnitude estimates 
are plotted on the ordinate. No meaning should be attached to the absolute location of the psychophysical functions on the ordinate due to the 
normalization process described in Analysis of Data for the magnitude estimates. 
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the D-forms in this group are sweet. The second group con- 
sists of alanine, aspartic acid, glutamine, and threonine, 
which are more flavorous or simple in the D-form than the 
L-form. The third group is comprised of sulfur-containing 
amino acids, which are unpleasant tasting in both forms. The 
amino acids crystallized from acid solution, arginine HCl, 
histidine HCl, and lysine HCl, have approximately equal 
slopes in the D- and L-forms. Three amino acids, isoleucine, 
serine, and valine, have steeper slopes in the L-form than in 
the D-form. The enantiomers of each of these amino acids 
have similar tastes according to Schiffman er a/. [38]. It 
should be noted that the two D-amino acids for which the 
taste description found by Schiffman er al. [38] differs mark- 
edly from that given by Meister [24] are found in this last 
group. Meister classified D-valine as very sweet and 
D-isoleucine as sweet. 

These discrepancies in taste quality reported for D-amino 
acids may be due to individual variability in taste quality 
which have been reported previously for L-amino acids and 
dipeptides. The variability in reported taste quality for amino 
acids and dipeptides may result in part from individual 
differences in the detection of bitterness, as has been shown 
for phenylthiourea or 6-n-propylthiouracil [5,16]. 


Relationship of Slopes to Chemical Group, Threshold, and 
Number of Dilutions 


The slopes for the D-amino acids are given in descending 
order in Table 4 along with chemical groups of the side 
chains, rank order of the thresholds for D-amino acids from 
highest (ranked) to lowest (ranked 19), and number of dilu- 
tions used to determine the slope. Like the L-forms, no 
strong relationship between chemical structure and slope of 
the psychophysical functions was found. The rank order cor- 
relation between the slopes for L- and D-amino acids is 
Spearman’s rho=0.258. The main consistencies in slope 
were for phenylalanine and tryptophan, which had relatively 
steep slopes in both forms, and cysteine and threonine, 
which had relatively flat slopes for both enantiomers. 

No relationship between the slope for the D-amino acids 
and their detection thresholds was found here. The Spear- 
man’s rank order correlation was 0.033. Like L-amino acids, 
a small relationship was found between the slope and the 
number of dilutions, i.e., amino acids with flattened slopes 
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tended to have more dilutions. The rank order correlation 
between the slope and number of dilutions for D-amino acids 
was —0.39. A rank order correlation for L-amino acids of 
—0.36 was found previously by Schiffman and Clark [34] 

L-amino acids with basic side chains were found to have 
steeper slopes when complexed with HCI (e.g., L-histidine 
HCl) than their free amino acid counterparts (e.g., 
L-histidine). In this study, D-histidine HCI was found to 
have flatter slopes than D-histidine. 


Implication of Slopes for Receptor Sites 


Receptors for amino acids with steep slopes presumably 
do not saturate as quickly as receptors for amino acids with 
flatter slopes. There may be several possible explanations 
for rapid saturation and thus relatively flatter slopes. First, 
there may be few receptor sites for a given amino acid, and 
these saturate quickly due to a much greater number of 
stimulus molecules relative to the number of receptors. Al- 
ternatively, there may be a large number of receptors to 
which amino acid molecules bind tightly (i.e., have high af- 
finity) because the energetics favor the binding process. 
Whatever the ultimate reason for differences in the slopes for 
D- and L-amino acids, there is no reason to assume that 
enantiomer pairs bind to identical sites on the taste cell 
membrane. 


Nutritive Effectiveness of D-Amino Acids 


D-amino acids can promote growth in animals and may 
contribute to nutrition either by transformation to the 
L-antipode by some form of steric conversion probably in- 
volving D-amino acid oxidase (DOX) or by providing nitro- 
gen for the synthesis of nonessential amino acids [19]. The 
nutritive effectiveness of D-isomers is dependent on numer- 
ous factors, especially other components in the diet. For 
example, racemic tryptophan has been found to promote 
growth more effectively in rats on relatively crude diets 
when compared with more highly purified diets [9, 15, 27, 
33]. The adequacy of diets consisting of racemic amino acids 
must be determined experimentally since the interactions 
cannot be predicted a priori. The availability of a D-isomer 
may be enhanced by the dietary presence of some L-isomer. 
In addition, the utilization of the D-forms of certain amino 
acids can be inhibited by other D-isomers. 
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TABLE 2 





Slopes Thresholds 


Chemical 
D 


grouping Direction Direction 





With neutral 
side chains Glycine 0.561 3.09 x 10°? M 


(aliphatic) 
Alanine 0.603 0.713 , .62 x 10°? M 1.12 x 


Valine 0.726 0.625 > x 10°? M 0.295 x 


Leucine 0.475 0.501 


Isoleucine 0.675 


aromatic) Phenylalanine 


Tryptophan 0.667 >L x 0.048 x 


(amides) Asparagine 0.323 >>L . 0.977 » 


Glutamine 0.495 > : x 0.347 x 


With side chains Arginine HC] 0.645 ; x 0.162 x 
containing basic 
(amine) groups 
Lysine HCl 


Histidine 0.415 0.758 >> 0.123 x 
Histidine HCl 0.574 0.563 2 0.00794 x 


With side chains Serine 0.788 0.671 _ 2.09 x 
containing 
hydroxylic groups 
Threonine 


With side chains Aspartic acid >L 0.0182 x 107M _ 0.074 x 
containing 
acidic groups 
Glutamic acid > ‘ x 107M _ 0.0076 x 10°? M 


With side chains Cysteine > of 0.0085 
containing sulfur 


atoms 
Cysteine HCI . 0.0016 x 10°? M 


Methionine 0.414 0.679 x 10°*M 0.501 x 10°? M 





The slopes for D-amino acids determined in this study are compared with those for L-forms found previously by Schiffman and Clark [34]. 
‘‘Direction’’ indicates whether the value found for one enantiomer is ‘‘greater than’’ (>), approximately equal to (~), or less than (<) its 
mirror image. The actual ratios for the values for the slopes (D/L) are given as well. The symbol (>>) for ‘‘direction’’ signifies ‘*very much 
greater than’’ and is used to indicate ratios greater than 1.5. Thresholds and brief taste descriptions (from Schiffman e7 al. [38]) are given for 


comparison. 
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TABLE 2 


(Continued) 





Brief Taste Description 





sweet, pleasant, 


smooth, refreshing 


sweet; possibly complex 


with bitter aftertaste 
flat to bitter; 
slightly sweet 


flat to bitter 
(virtually indis- 
tinguishable from 
L-isoleucine) 

flat to bitter 


bitter; possibly com- 
plex and strangling 


flat to bitter 
flat to bitter 


flat, sweet, meaty, 
somewhat unpleasant 


bitter, complex, 


salty, sweet 


flat to bitter, 
minerally 


flat to sweet; 
possibly sour, 
complex 

flat to sweet, possibly 
bitter, sour, or fatty 


flat, sour, slightly 
bitter 


unique, possibly 
meaty, salty, bitter, 
sour, complex 

sulphurous, 
obnoxious 


sulphurous, obnox- 
ious, concentrated, 
complex, poisonous 

flat to bitter, possibly 
sulfurous, meaty or 
sweet 


sweet; simple with no 
bitter components 

somewhat tasteless; weak, 
alkaline, minerally, 
possibly sweet 

smooth, soft, moderately 


sweel 


flat, bitter, minerally 
metallic; possibly 
salty and smokey 
indistinct; possibly sweet, 
minerally, possibly 
bitter and metallic 
smooth, sweet, possibly 
bitter, minerally 
sweet, simple, 
refreshing 
good, sweet, flavorous, 
smooth 
bitter, alkaline, complex 
with salty and sour 
elements, minerally 
bitter, minerally, posion 
ous, alkaline; metallic, 
soapy Components 
sweet, flavorous, 
refreshing, fruity 
complex; sweet, sour, 
possibly salty; pungent 
sweet, smooth, fresh, 
dilute, possibly tingling 


somewhat tasteless; 
simple, weak, possibly 
sweet 

strong, sour, salty, 
slightly bitter yet 
flavorous 

sour, constant, pungent, 
possibly salty 


obnoxious, repulsive, 
slightly bitter with 
persistent aftertaste 

obnoxious, concentrated, 
sour, sharp, poisonous, 
possibly bitter 

alkaline, stale, bitter, 
minerally, meaty, sour, 
sweet components 
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TABLE 3 
RELATIONSHIP OF SLOPES TO TASTE QUALITY 





Slope D>slope L 
(1) (2) (3) 





L-form but not D-form D-form more flavorous Both forms unpleasant 
has definite bitter or and simple than L-form tasting, sulfur- 
meaty component containing amino acids 


Asparagine Alanine Cysteine 
Glutamic acid Aspartic acid Cysteine HCl 
Histidine Glutamine Methionine 
Leucine Threonine 

Phenylalanine 

Tryptophan 


Slope L~slope D 


Arginine HCI 
Histidine HCl 
Lysine HCl 


Slope L>slope D 
L- and D-forms have similar tastes 


Isoleucine 
Serine 
Valine 





TABLE 4 


SLOPES OF D-AMINO ACIDS GIVEN IN DESCENDING ORDER 
ALONG WITH CHEMICAL GROUPS OF SIDE CHAINS, RANK ORDER 
OF THRESHOLDS, AND NUMBER OF DILUTIONS USED 
TO DETERMINE THE SLOPE 





Chemical Rank order Number of 
Amino acid Slope group of threshold dilutions 





D-Phenylalanine 1.02 VI 13 
D-Asparagine 0.761 IV 6 
D-Tryptophan 0.759 16 
D-Histidine 0.758 11 
D-Leucine 0.734 7 
D-Alanine 0.713 

D-Methionine 0.679 

D-Serine 0.671 

D-Aspartic acid 0.652 

D-Valine 0.625 

D-Arginine HCI 0.623 

D-Glutamic acid 0.600 

D-Cysteine HCl 0.594 

D-Histidine HC] 0.563 

Glycine 0.561 

D-Glutamine 0.553 

D-Isoleucine 0.538 

D-Lysine HCl 0.475 

D-Threonine 0.448 II 

D-Cysteine 0.373 Ill 10 


SI OAD LAWN WU 





Chemical group: I, with aliphatic side chains; I], with side chains 
containing hydroxylic groups; III, with side chains containing sulfur 
atoms; IV, with side chains containing acidic groups of their amides; 
V, with side chains containing basic groups; VI, containing aromatic 
rings; VII, imino acid. 
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MONMAUR, P. Hippocampal theta rhythms from CAI and dentate generators during paradoxical sleep of the rat 

Differential alterations after septal lesion. PHYSIOL. BEHAV. 28(3) 467-471, 1982.—Hippocampal theta (@) rhythm was 
recorded from CAI and dentate generators respectively, before and after septal lesion in the freely moving rat. It was 
observed that 6 recorded from CAI generator and 6 recorded from dentate generator can be differentially affected by the 
lesion. In agreement with our previous data, these findings strongly support the hypothesis that CAI and dentate generators 
producing the hippocampal 6 are functionally independent. The existence of two independent septo-hippocampal neural 
systems which might mediate @CA1 and 6 dentate separately is discussed. 


Theta rhythms Hippocampal generators 


SOME early studies have suggested that there are two 
generators of theta (@) rhythm in the dorsal hippocampus of 
the rat [4, 18, 19], one localized in the stratum moleculare of 
the dentate gyrus (DG generator), and the other in the 
stratum oriens of the CAI area (CAI generator). The 
generators are phase reversed and closely coupled with re- 
spect to one another [18,19]. Other studies, however, have 
shown that the elimination of the 6 waves of the CAI 
generator leaves the 6 waves of the DG generator unaltered 
[5]. More recently, our studies concerning hippocampal @ in 
urethanized rats have shown for the first time that septal 
lesion can abolish @ waves recorded from the DG generator 
without suppressing @ waves recorded from the CAI 
generator [10]. Although these data are fragmentary they 
give a direct indication that both generators may operate 
independently of one another. 

In order to complete the preliminary data obtained from 
drugged animals, we investigated the dynamic changes 
occurring in both CAI and DG generators after septal lesion 
in undrugged rats. @ rhythm is fully developed during 
paradoxical sleep (PS) and therefore was studied in this par- 
ticular phase of sleep. Results collected under these new 
conditions confirmed and extended our previous data. 


METHOD 


For chronic experiments, 16 Sprague Dawley rats (300 g) 


Septal lesions 


vere used. They were stereotaxically implanted with bipolar 
electrodes placed unilaterally in the right dorsal hippocam- 
pus (4.9 mm anterior and 1.7 mm lateral to lambda), on the 
frontal neocortex, and at the level of the nuchal muscles. At 
the same time a 0.30 mm diameter needle for making elec- 
trolytic lesions was implanted in the septal area (8.5 to 8.9 
mm anterior and 0.0 mm lateral to lambda, and 6.4 to 6.6 mm 
ventral to the skull surface). The hippocampal electrodes 
were insulated, except for the cross section of the tips which 
were separated by about 0.7 mm (range 0.6-0.8 mm) verti- 
cally. One was aimed at the suprapyramidal area of CAI and 
the other at the stratum moleculare of the dentate gyrus. 
Implantation was performed under light ether anesthesia by 
lowering both electrodes to the position at which they 
showed the maximum amplitude of spontaneous @ and at 
which the waves were phase reversed. 

Implantation coordinates were followed according to the 
atlas of Albe-Fessart et al. [1]. 

Lesions of the septum were carried out under ether 

anesthesia. A DC cathodic current (2 mA) was passed for 15 
sec. 
One week after electrode implantation and one day prior 
to the septal lesion, a control recording was made. This was 
followed by four recordings, one made on the first post- 
operative day and the others every eight days over a period 
of one month. 

Transient modifications of hippocampal EEG occur dur- 
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FIG. 1. @rhythms recorded from CAI generator (CA1) and dentate generator (DG) of the dorsal hippocampus of the rat before and after septal 
lesion. A. Lesion resulted in a more substantial attenuation of 9DG than @CA1. B. Lesion resulted in an attenuation of 6 in both generators. 
However, attenuation of @CA1 was clearly more substantial than attenuation of DG. Calibrations: 1 sec and 100 yV. 


ing ether anesthesia. However, preliminary investigations 
have shown that the normal pattern of hippocampal EEG 
fully recovers within 24 hours, thus reducing the possibility 
that the EEG influences of ether anesthesia would interfere 
with those of septal lesions. 

Because of the great variability in hippocampal EEG deg- 
radation after septal lesion, depending on the rats, quan- 
titative analysis was not possible. Only qualitative analysis 
of 6 is reported in this paper. 

Upon completion of the experiments, the brains were re- 
moved and fixed in Formalin. Serial sections (100 wm thick) 
were prepared and then stained with Thionin. 


RESULTS 


Before lesion, 6 recorded from the dorsal generator and @ 
recorded from the ventral generator during PS were, as prior 
studies have shown [18,19], phase-locked and 180° out of 
phase. Generally they showed closely coupled amplitude 
modulation with respect to one another. On some rather rare 


occasions, however, they did show slight independent ampli- 
tude modulation for periods of 1 sec or less. In these cases 
either 9@CA1 amplitude decreased while 6DG amplitude per- 
sisted, or O@CA1 amplitude persisted while that of 6DG de- 
creased. The first pattern was the most frequently exhibited. 

After lesion, both the morphology and the regularity of 
hippocampal @ waves, which had been so prominent before 
lesion, were degraded and in general 6 amplitude was re- 
duced. Moreover, 6 waves were frequently superimposed 
with low voltage fast activity. These multiple and mixed hip- 
pocampal EEG alterations induced by the lesion resulted in 
an attenuation of @ activity. Systematic inspection of post- 
lesion hippocampal EEG revealed clear-cut differences be- 
tween the degree of @ attenuation in CAI generator and the 
degree of 6 attenuation in DG generator, depending on the 
rats. 

(1) Four rats (group I) showed a more substantial attenu- 
ation of 6DG than @CAI1 (Fig. 1A). 

(2) Three rats (group II) showed a more substantial at- 
tenuation of 6CA1 than 6DG (Fig. 1B). 
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FIG. 2. @rhythms recorded from CAI generator (CA1) and dentate generator (DG) of the dorsal hippocampus of the rat before and after septal 
lesion. A. Lesion resulted in a complex dynamic attenuation of @ in both generators: CA1 and DG exhibited either @ or low voltage fast activity, the 
two patterns alternating spontaneously in each generator during the same paradoxical sleep episode. Note that CAl and DG did not 
produce @ simultaneously. B. Before lesion 9@CA1 and 6DG showed a similar amplitude modulation. After lesion, which resulted in relatively 
little change in hippocampal activity, 9CA1 and @DG showed a clear-cut independent amplitude modulation. Note that @CAI and 6DG were 


approximately 180° out of phase. Calibrations: 0.5 sec and 100 nV. 


(3) Two rats (group III) showed a complex dynamic at- 
tenuation of @ in two generators (Fig. 2A). In the third group 
of animals, the CA1 and dentate generators exhibited either @ 
or low voltage fast activity, the two patterns alternating 
spontaneously in each generator during the same PS episode. 
In addition, when the CAI generator exhibited 6 activity, the 
DG generator exhibited low voltage fast activity. Con- 
versely, when the 6DG generator exhibited 6 activity, the 
CAI generator exhibited low voltage fast activity. As a rule 
the CAI and DG generators did not produce @ activity simul- 
taneously except on rare occasions. 

(4) In the remaining seven rats (group IV) no clear differ- 
ences between the degree of 6 attenuation in the CAI 
generator and the degree of @ attenuation in the DG 
generator could be seen. However, in two of these rats, 
where @ was relatively little affected by lesion, OCAI and 
@DG showed a very clear independent amplitude modulation 
with respect to one another (Fig. 2B). 

The localization of electrodes in the dorsal hippocampus 
was examined. The tip of one electrode was localized in 


proximity to the hippocampal fissure. The tip of the other 
was localized in an area overlapping the outermost portion of 
the stratum oriens layer of CAI, and the overlying alveus 
and innermost portion of corpus callosum (Fig. 3). No signif- 
icant difference between electrode tip localizations from 
group to group was observed. Without completely ruling it 
out, these observations strongly reduce the possibility that 
the results obtained during the post-lesion period only reflect 
a movement of one or other of the electrode tips, due to 
ventricular enlargement after lesion. 

Histological examination of the septal lesions revealed 
that a relatively large septal area was damaged by elec- 
trocoagulation. Possibly for this reason, the lesions in all the 
groups of rats appeared to differ little from each other in 
regard to either the extent or the location of tissue destruc- 
tion. The lesions included the dorso-medial portion of the 
caudal part of the diagonal band of Broca (dbb), the ventral 
part of the medial septal nucleus (ms), and damage to the 
medial part of the fornix. In some rats from group III and 
group IV, there was also slight damage to the ventral portion 








FIG. 3. Frontal section of the right dorsal hippocampus of the rat. 
Symbols indicate the localizations of the tips of the electrophysio- 
cally implanted electrodes, for the most representative part of post- 
lesion recordings. Open symbols: 6DG more attenuated than @CA1. 
Filled symbols: @CA1 more attenuated than 6DG. Other symbols: 
similar EEG changes in the two generators. al: alveus. cc: corpus 
callosum. fh: hippocampal fissure. sg: stratum granulosum. slm: 
stratum laculosum moleculare. sm: stratum moleculare. so: stratum 
oriens. sp: stratum pyramidale. sr: stratum radiatum. 


of the hippocampal commissure. All lesions also destroyed 
part of the dorso-lateral septal nucleus and the anterior 
commissure (Fig. 4). It can be seen, however, that lesions in 
group II rats, which resulted in greater attenuation of @CAI, 


included a more complete destruction of dbb as compared to 
lesions in other groups. In group II rats, not only was the 
dorso-medial portion of the caudal part of the dbb destroyed, 
but also the dorso-medial portion of the rostral part. 
Moreover, a large amount of dbb tissue was damaged in the 
lateral positions of this structure (Fig. 4). 


DISCUSSION 


This study shows that in undrugged rats O@CA1 and @DG 
can be differentially affected by lesion. In agreement with 
our previous results collected in drugged rats [10], the pres- 
ent data strongly suggest that the CA1 generator and the DG 
generator producing the hippocampal @ rhythm are func- 
tionally independent. Several observations from other au- 
thors support this hypothesis (see review in [15]), among 
them, that of Green and Rawlins is the most conclusive [8]. 
These authors reported that in one urethane anesthetized rat, 
the @CA1 appeared before the 6DG following the onset of 
brain stimulation. In addition, after stimulation stopped 
@CA1 amplitude decreased while 6DG amplitude persisted. 

Possible neuro-anatomical support for the hypothesis of 
two independent hippocampal generators may be found in 
the topographical organization of the septo-hippocampal pro- 
jections. Among the cerebral structures capable of influenc- 
ing hippocampal 6@ activity in the rat, only the septal area has 
been shown to be of critical importance [2, 6, 7, 14, 17, 20]. 
Because some of its cells fire in phase with hippocampal @ 
waves, the septum is generally accepted as the pacemaker 
for @ activity [3, 12, 13]. One study with rats has reported 
that septal fibers project directly to both the dentate gyrus 
and the CAI area of the dorsal hippocampus [9]. Recent 
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FIG. 4. Representative lesions (shaded areas) of the septum. A. 
Lesion resulted in a more substantial attenuation of 9DG than @CAI1. 
B. Lesion resulted in a more substantial attenuation of @CA1 than 
@DG. a: distance (mm) from lambda. dbb: diagonal band of Broca. 
ac: anterior commissure. cc: corpus callosum. fx: fornix. dls: dorso- 
lateral septal nucleus. ms: medial septal nucleus. v: ventricle. 


horseradish peroxidase experiments extended these earlier 
observations. They indicated that the medial part of dbb in- 
nervates specifically the CAl and CA2 areas while ms 
mainly projects to the CA4 and DG areas in the rat dorsal 
hippocampus [16]. On the basis of these data and taking into 
consideration our present results, it is conceivable that the 
ms-dbb complex may produce and modulate @DG and 6CAI1 
differentially , depending on the number and the nature of the 
fibers spared by the septal lesion in the two direct pathways. 

The gradual reduction of @DG, seen in rodents following 
incremental lesions in septo-hippocampal projections [2], 
supports this latter viewpoint. 

Histological examination of the lesions has not permitted 
the identification of anatomically separate neural systems 
which could mediate 6CA1 and 6DG. However, it has shown 
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a qualitative correspondence between the alteration of @CA1 
and a large destruction of dbb. When considered in connec- 
tion with the findings that dbb innervates specifically the 
CAI and CA2 areas [16], these data are consistent with the 
assumption that a specific anatomo-functional relation of 
importance for @CA1 exists between dbb and the CAI area. 
The finding that 2 deoxy-D-glucose uptake increased selec- 
tively both in the dbb and in the strata pyramidale-oriens of 
CAI and CA2 areas of the rat during locomotion-induced 
theta (Monmaur, Orsini and Delacour, manuscript in prepa- 
ration) also supports this hypothesis. 

Septal lesions generally were extensive, and therefore 
poorly selective. Moreover, they included damage to the 
fornix, fibres of which control hippocampal 6 [11,14]. These 
observations raise the possibility of an equivocal correlation 
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between the lesion locus and the hippocampal EEG changes. 
However, within the framework of this limitation and taking 
into account results from other studies [2, 10, 16] the present 
data are consistent with the hypothesis of two independent 
septo-hippocampal neural systems, one of importance for 
@CA1 and the other for 9DG. As a complementary test, small 
lesions and _ horseradish peroxidase injections (for 
anterograde marking) restricted to the ms and to the dbb 
could be made. Such studies with rats are now in progress in 
our laboratory. 
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BODNAR, R. J., S. J. ELLMAN, S. S. STEINER, R. F. ACKERMANN AND E. E. COONS. Intracranial self- 
stimulation: Temporal interactions among mesencephalic and diencephalic sites. PHYSIOL. BEHAV. 28(3) 473-482, 
1982.—The monophasic pulse pair technique has been employed to ascertain whether pairs of intracranial self-stimulation 
(ICSS) sites interact with each other. The present study investigated the interactive properties of ICSS placements in the 
substantia nigra (SN) and mid-ventral periaqueductal gray (MV) with those hypothalamic ICSS placements within (MFB) 
or outside of (non MFB) the medial forebrain bundle. ICSS response rates when pulses of each pulse pair were split 
between two ICSS sites were significantly higher than the sum of rates when each site was stimulated singly with 
single-pulse trains. Moreover, all interaction conditions yielded higher rates than pulse pairs delivered to the mesencephalic 
site at an optimal interval, yet similar rates to pulse pair stimulation delivered to the diencephalic site. The symmetry of the 
interactions depended upon electrode loci: MV/MFB and SN/non MFB interactions were significantly higher when the 
mesencephalic site received the first pulse of each pair, effects which accounted for 49 and 58% of the variance respec- 
tively. Conversely, MV/non MFB and SN/MFB interactions were significantly higher when the mesencephalic site re- 
ceived the second pulse of each pair, effects which accounted for 5 and 14% of the variance respectively. These behavioral 
ICSS interactions are discussed in terms of interrelated heterogeneous subsystems subserving ICSS behavior 


Intracranial self-stimulation Substantia nigra Periaqueductal gray Medial forebrain bundle 
C-T Technique Rats 


SINCE the pioneering study of Olds and Milner [23]. ques- lation delivered to pairs of ICSS sites summates physiolog- 
tions have been raised as to whether individual intracranial ically. 

self-stimulation (ICSS) sites collectively form an integrated The empirical findings from the first three approaches 
system that codes affectively-rewarding information. Four have been reviewed extensively [14, 16, 24, 31, 39]. Studies 
research approaches have been employed to characterize the employing the fourth approach have found that response 
nature of the ICSS system: (1) to map the brain for ICSS rates elicited under simultaneous or near-simultaneous 
behavior and establish the presence of neuroanatomical con- stimulation of two ICSS sites are significantly greater than 
nections among the sites; (2) to test ICSS behavior elicited at the sum of the response rates elicited when each of the sites 
different sites following pharmacological manipulations; (3) is stimulated singly, thereby implying that a physiological 
to test ICSS behavior elicited at one site following the de- interaction between the two ICSS sites has occurred. Elec- 
struction of a second site; and (4) to establish whether stimu- trode site combinations showing these effects have in- 
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cluded: bilateral hypothalamic sites [7, 18, 37]; substantia 
nigra and septum [2]; amygdala and hypothalamus [36]; locus 
coeruleus and hypothalamus [4,10]; substantia nigra and 
hypothalamus [1]; mid-ventral central gray area and hypo- 
thalamus [1,3] and midbrain ventral tegmental area and 
hypothalamus [29]. Several of these studies [1, 2, 10, 36] 
delivered the current to both sites simultaneously, thus rais- 
ing the possiblity that the increased interaction ICSS rates 
were not due to physiological interactions between the two 
sites but rather to the passive spread of current through the 
brain (see [25,38]). 

One way to circumvent the problem is to deliver the cur- 
rent to the two sites at temporally-spaced intervals. The 
technique used is derived from one described initially by 
Deutsch [9] to assay the temporal limits of ICSS behavior 
elicited at a single ICSS site. When this technique is em- 
ployed at a single site, trains of monophasic pulse pairs are 
delivered with the first pulse of each pair designated the C 
pulse and the second pulse designated the T pulse. The time 
between succeeding C pulses in a stimulation train is called 
the C-C interval while the time between C and T pulses is 
called the C-T interval. Several studies have demonstrated 
that when the C-T interval is shortened below a critical value 
(0.5—1.2 msec), ICSS response rates or threshold measures 
elicited from a single site are altered such that they resemble 
values elicited by stimulation comprising only C pulses (T 
pulses omitted), suggesting that at very short C-T intervals, the 
T pulses are ineffective [5, 15, 26, 27, 30, 34]. From these 
studies, it was concluded that the decrease in ICSS response 
rate. as a function of C-T interval constituted some measure 
of the refractory characteristics of the neurons subserving 
the behavior. However, more recent work, particularly the 
observations of Yeomans [40, 41, 42, 43], indicate that true 
refractory measures will be distorted when response rate, 
rather than trade-off functions are emploved. These obser- 
vations will be analyzed in detail in the Discussion section as 
they pertain to the methodology, results and interpretations 
of the present study. 

However, short C-T intervals can support peak rates by 
delivering the C pulses to one ICSS site and the T pulses to a 
second ICSS site. For example, Ungerleider and Coons [37] 
found that although ICSS behavior was sustained at only a 
low emission rate when either of two bilateral medial fore- 
brain bundle electrode placements were stimulated singly, 
much higher responding was achieved across all C-T inter- 
vals when the C and T pulses were split between the sites. 
Most importantly, the rate of responding increased as the 
C-T interval decreased, including those intervals which had 
failed to support high rates when both C and T pulses were 
delivered to the same site. Moreover, this inverse relation- 
ship between C-T interval and strength of ICSS behavior did 
not hold when one of the electrode sites failed to elicit ICSS 
[9]. These data implied that the stimulation effects at both 
ICSS sites were summating both temporally and spatially. 
German and Holloway [18] reported that for certain pairs of 
electrode placements, ICSS interaction response rates vary 
as a function of which site of the pair receives the C pulses 
and which site receives the T pulses. Testing pre-optic hypo- 
thalamic and contralateral posterior hypothalamic ICSS 
placements, they found that although interactions occurred 
under both conditions, interaction response rates were 
higher when the C pulses were delivered to the pre-optic 
placement and the T pulses to the posterior hypothalamus 
than in the reverse condition. Our laboratory [4] found simi- 
lar results for certain locus coeruleus and hypothalamic 
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ICSS electrode combinations; if the hypothalamic placement 
was localized in the dorsal or far-lateral hypothalamus, C 
pulses delivered to the locus coeruleus (LC) and T pulses 
delivered to the dorsal and far-lateral hypothalamus 
produced significantly higher interaction response rates than 
C pulses delivered to the dorsal and far-lateral hypothalamus 
and T pulses to the LC. However, if the hypothalamic 
placement was localized in either the medial forebrain bun- 
dle (MFB) or the perifornical area, increases in ICSS in- 
teraction response rates were similar regardless of which site 
was stimulated first. Shizgal [29], employing the trade-off 
methodology of Yeomans [40, 41, 42, 43] in the interactive 
split-pulse paradigm, found that lateral hypothalamic and 
ventral tegmental sites displayed collision effects for some 
electrode combinations and interactive effects for other elec- 
trode combinations. Finally, Bielajew and co-workers [3] 
indicated that summation between lateral hypothalamic and 
periaqueductal gray self-stimulation sites occurred, but that 
the site stimulation order had little effect upon the magnitude 
of the summative effect. 

Thus the use of a monophasic pulse pair technique might 
not only reveal whether or not two ICSS sites interact, but 
may provide information concerning the subtle, heteroge- 
neous and site-specific interactive mechanisms among sites 
which subserve ICSS behavior. The present study was de- 
signed to determine whether two midbrain ICSS sites, the 
substantia nigra (SN) [8,28] and the mid-ventral (MV) portion 
of the periaqueductal gray [11, 12, 22] would interact differ- 
entially with different hypothalamic placements. The as- 
signment of the hypothalamic placements to medial forebrain 
bundle (MFB) or non-MFB groups evolved from four previ- 
ous observations concerning hypothalamic ICSS. First, as 
detailed above [4], while the dorsal and far-lateral non-MFB 
placements exhibited asymmetries in interaction response 
rates with locus coeruleus placements as a function of site 
stimulation order, MFB placements did not. Second, unilat- 
eral lesions placed in the locus coeruleus decreased ICSS 
response rates elicited from ipsilateral dorsal and far-lateral 
non-MFB placements [13], while the same lesions left unal- 
tered [13] or increased [21] MFB ICSS rates. Third, elec- 
trode tips impinging upon the MFB elicit significantly higher 
ICSS rates than electrode tips located immediately medial or 
lateral in the same animal and under identical stimulation 
conditions [32]. Fourth, while MFB ICSS rates are increased 
equally by both isomers of amphetamine only when the 
levo-amphatamine dose is four to eight times higher than the 
dextro-amphetamine dose [10, 11, 33], far-lateral non-MFB 
ICSS rates are equipotently increased by both isomers [33]. 


METHOD 
Surgery 


Sixteen male albino Sprague-Dawley rate (375-500 g), 
housed individually on a 12 hr light: 12 hr dark cycle, were 
maintained ad lib on a diet of lab chow and water throughout 
the experiment. At surgery, each animal was pretreated with 
atropine sulfate (SO mg/ml/kg body wt., IP), anesthetized 
with Chloropent (Fort Dodge Laboratories; 50 mg/mi/kg 
body wt., IP), and stereotaxically (Kopf) implanted with two 
stainless steel screws and two stainless steel bipolar elec- 
trodes (MS 301/1, Plastic Products) aimed ipsilaterally at one 
of the four combinations of sites: (1) MV/MFB; (2) MV/non 
MFB; (3) SN/MFB; and (4) SN/non MFB. The bipoloar elec- 
trodes were twisted wires, 0.35 mm in outside diameter, 
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completely insulated except at the tips, which were aligned 
mediolaterally so as to maximize stimulation § of 
longitudinally-running fibers [35]. The two steel screws were 
anchored into the skull and electrically connected to an elec- 
trode plug. 

With the incisor bar set at -5 mm, MV coordinates were 
0.6 mm anterior to lambda, 1.5 mm lateral to the sagittal 
suture, 7.5 mm from the top of the skull, and inserted at a 12° 
angle to the mid-sagittal plane. SN electrode coordinates 
were 2.0 mm anterior to lambda, 2.0 mm lateral to the sagit- 
tal suture, and 8.2 mm from the top of the skull. Hypotha- 
lamic coordinates were 4.2-4.4 mm posterior to bregma, 1.5 
mm lateral to the sagittal suture, and 8.7 mm from the top of 
the skull. 

Ten days after surgery, each animal was shaped to bar- 
press for negatively-going, capacitance-coupled, mono- 
phasic rectangular pulses of electrical brain stimulation 
to each electrode site in an operant conditioning chamber on 
a continuous reinforcement schedule. The stimulator was 
constructed from  Digi-Bit solid-state logic circuitry 
(BRS/LVE) which allowed the experimenter to set the pulse 
duration and the C-C interval and to manipulate independ- 
ently whether or not the T pulses were delivered, and if 
delivered, the C-T interval. Wave form, C-C interval, C-T 
interval, stimulus intensity, and pulse and train durations 
were continuously monitored by observing on a cathode ray 
oscilloscope the voltage drop across a 100 ohm resistor in 
series with the animal. 


Preliminary ICSS Screening 


Each animal was shaped for a maximum of 15 daily ses- 
sions at each electrode site to bar-press for 700 msec trains of 
electrical stimulation at a frequency of 200 pulses per sec and 
a pulse duration of 0.1 msec. That pole of each bipolar elec- 
trode which elicited the higher peak response rates at the 
lowest intensity in this preliminary screen [32] served as the 
cathode for the remainder of the experiment and either the 
other pole of the same bipolar electrode or a coritcal screw 
served as the indifferent. For each electrode site, the lowest 
intensity was determined which would yield consistently 
high response rates at a C-C interval of 10.0 msec and a C-T 
interval of 5.0 msec but only would yield low rates when the 
T pulses were omitted. These stimulus intensities across 
animals varied from 200-600 «A, and are comparable to, or 
lower than, intensities used in other studies employing 
monophasic pulse pairs of brief 0.1 msec duration [5, 6, 9, 15, 
17, 26, 30, 34]. The number of microcoulombs (charge deliv- 
ered per unit time) delivered with this stimulation technique 
is substantially less than that delivered by sinusoidal stimu- 
lation. 


Single-Site Testing 

Each animal was tested in this phase at each electrode site 
at a constant C-C interval of 30 msec over a 690 msec train. 
Each site was evaluated over a 72-min session divided into 9 
7-min periods. A l|-min time-out occurred between each 
period, during which the C-T interval was changed. Eight 
C-T intervals (0.5, 0.8, 1.0, 1.2, 1.5, 2.0, 3.0, 5.0 msec), and a 
condition in which the T pulses were omitted, were ran- 
domly presented in each of nine days in a Latin Square de- 
sign. The mean response rate over the last 5 min of each 
7-min period constituted the dependent variable. Data from 
the first 2 min of each 7-min period were excluded from the 
analysis of experimental effects but did reveal that the Latin 
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Square design adequately controlled for order and carry-over 
effects. The Latin Square was constructed such that (a) each 
stimulation condition occupied each ordinal position of the 
square only once over the 9-day procedure, and (b) each stimu- 
lation condition preceded each other stimulation condition only 
once over the 9-day procedure. C-T interval/response rate 
functions averaged over the 9-day paradigm, were determined 
for both ICSS electrode sites in each animal. 


Between-Site Testing 


Each animal was retested under similar C-C interval (30 
msec), pulse duration (0.1 msec) and train duration (690 
msec) conditions. However, in this paradigm, the C and T 
pulses were split between the two electrode sites. Each pulse 
was delivered at each site’s respective criterion current in- 
tensity either in an order in which the C pulses were deliv- 
ered to the brainstem site or its reverse. Also, the following 
nine C-T intervals, (0.3, 0.5, 0.8, 1.0, 1.2, 1.5, 2.0, 3.0, 5.0 
msec), were randomly presented in a Latin Square design 
and were tested each day for 18 days. Nine sessions of 
C-brainstem, T-forebrain data and nine sessions of 
C-forebrain, T-brainstem data, either condition alternating 
over days in a-b-b-a manner, were collected across the nine 
C-T intervals. 


Simultaneous Stimulation Testing 


Nine animals were tested for the effects of simultaneous 
delivery of C and T pulses between the two electrode sites. 
In five 7-min periods, each animal received the following 
treatments: (1) C pulses delivered only to the forebrain site; 
(2) C pulses delivered to only the brainstem site; (3) C pulses 
delivered to the brainstem site and T pulses delivered simul- 
taneously (C-T interval=0.0 msec) to the forebrain site; (4) C 
pulses delivered to the brainstem site and T pulses delivered 
to the forebrain site at a C-T interval of 0.3 msec; and (5) C 
pulses delivered to the forebrain site and T pulses delivered 
to the brainstem site at a C-T interval of 0.3 msec. These 
conditions were presented to each animal in a Latin Square 
design over five days. The sum of response rates from con- 
ditions | and 2 was compared to the response rates in condi- 
tions 3, 4 and 5. 


Histology 


After completion of all experiments, all animals were 
overdosed with Chloropent and perfused through the heart 
with 0.9% normal saline followed by 10% Formalin. Serial 
frozen sections were stained with luxol fast blue and cresyl 
violet [19] and electrode loci determined by a rater who was 
uninformed with respect to each animal’s behavioral data. 
Animals with a hypothalamic electrode were placed into one 
of 2 groups on the basis of whether or not the electrode was 
situated in the MFB. This differentiation was based upon our 
previous study showing asymmetrical ICSS interactions for 
those hypothalamic and locus coeruleus combinations in 
which the hypothalamic electrode placement was outside the 
MFB, and symmetrical ICSS interactions for those hypotha- 
lamic placements within the MFB [4]. 


RESULTS 


All 16 animals fulfilled the pre-established criteria for in- 
clusion in the interaction study in that both electrode sites 
supported ICSS behavior from at least one tip of the bipolar 
electrode at intensities which supported consistently high 





FIG. 1. Schematic representation [20] of the mesencephalic (left) 
(triangles) and the MV-non MFB (circles) groups. 


response rates at a C-T interval of 5 msec but significantly 
lower rates when the T pulses were omitted [6]. When each 
electrode site was tested in the single-site condition, re- 
sponse rates diminished significantly to the latter value when 
the C-T interval was shortened below 1.0 msec. The eight 
electrode placements over the four interaction combinations 
did not differ as a function of the employed criterion inten- 
sities, F(7,24)=0.68. It has been previously reported [32] that 
SN, MV, MFB and non MBB sites differ from each other in 
terms of response rate, but it should be noted that in the 
present study, responding elicited by a particular site did not 
differ as a function of the interaction group. Rates elicited 
from the SN electrode placements of the SN/MFB and 
SN/non MFB groups failed to differ from each other, 
1(2)=0.37. Rates elicited from the MV electrode placements 
of the MV/MFB and MV/non MFB groups failed to differ 
from each other, #(10)=0.64. Rates elicited from the MFB 
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and diencephalic (right) electrode placements for both the MV-MFB 


electrode placements of the SN/MFB and MB/MFB groups 
failed to differ from each other, 1(4)=0.06. Rates elicited 
from the non MFB electrode placements of the SN/non MFB 
and MV/non MFB groups failed to differ from each other, 
1(8)=0.07. Therefore, these variables appeared not to affect 
or explain the following effects for the four interaction com- 
binations. 


1. MV/MFB Interactions 


Figure | exhibits the placements of four rats in which the 
cathodal tip at the forebrain electrode was located in the 
MFB and the cathodal tip at the brainstem electrode was 
located in either the midbrain dorsal tegmental decussation, 
the nucleus linearis or the medial longitudinal fasciculus. The 
data on the left panel of Fig. 2 displays the mean response 
rates for MV and MFB electrode placements under condi- 
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FIG. 2. Mean ICSS single site and interaction response rates as a 
function of stimulation condition for the four animals in the 
MV-MEB group. The left panel displays rates when either MFB or 
MV sites received either C and T pulses delivered 5 msec apart or C 
pulses alone. The right panel displays rates elicited across C-T inter- 
vals when the C and T pulses were split between the two electrode 
sites and as a function of which site was stimulated first. Note that 
the C-MV/T-MFB condition elicited higher rates over all C-T inter- 
vals than the C-MFB/T-MV condition. 


tions when either the C and T pulses were delivered 5 msec 
apart to a single site or when the T pulses were omitted. The 
right panel of Fig. 2 shows response rates elicited across C-T 
intervals during between-site testing when the C and T 
pulses were split between the two electrode sites and as a 
function of which site received the C pulses. To determine 
whether an interaction took place, five conditions were 
compared: (1) the pooled interaction response rates for the 
C-MV/T-MFB condition; (2) the pooled interaction response 
rates for the C-MFB/T-MV condition; (3) the sum of re- 
sponse rates elicited by MV and MFB sites when the T 
pulses were omitted; (4) the response rates for MV sites at a 
C-T interval of 5 msec; and (5) the response rates for MFB 
sites at a C-T interval of 5 msec. An analysis of variance 
revealed significant differences, F(4,140)=101.19, p<0.01, 
among the groups. Post-hoc Tukey comparisons revealed 
that the two interaction conditions elicited significantly 
higher response rates than the sum of response rates elicited 
by single pulse trains delivered to the sites singly: 
C-MV/T-MFB, 1(35)=7.92, p<0.01; C-MFB/T-MV, 1(35) 


TABLE | 


MAIN EFFECTS OF ANALYSES OF VARIANCE FOR FIVE 
INTERACTION SITE COMBINATIONS 





Site 
Stimulation 
Order 
Significance 
Value 


Interval = 
Order 
Significance 
Value 


C-T Interval 
Significance 
Value 


Interaction 
Group 





. MV/MFB F(8,51)=0.60 F(1,51)=61.70 F(8,51)=0.70 
(n=4) NS p<0.01 NS 
. MV/nonMFB F(8,119)=0.89 F(1,119)=8.11 F(8,119)=0.27 
(n=8) NS p<0.01 NS 
. SN/MFB F(8,17)=0.85 F(1,17)=5.61 F(8,17)=0.31 
(n=2) NS p<0.05 NS 
. SN/nonMFB _ F(8,17)=1.05 F(1,17)=43.52 F(8,17)=0.42 
(n=2) NS p<0.01 NS 





6.73, p<0.01. Interestingly, each of the interaction 
conditions yielded significantly higher response rates than 
that elicited by MV sites alone at a C-T interval of 5 msec 
(C-MV/T-MFB, 1(35)=19.93, p<0.01; C-MFB/T-MV, 1(35) 

12.38, p<0.01), yet yielded significantly lower rates than 
MFB stimulation alone at a C-T interval of 5 msec (C- 
MV/T-MFB, 1(35)=8.88, p<0.01; C-MFB/T-MV, 1(35) 
=15.11, p<0.01). Table 1 summarizes two-way random- 
ized-block analyses of variance for all interaction 
data, which accounted for intersubject variability and in- 
cluded C-T interval as one main effect and site stimulation 
order as the second main effect. No significant differences 
were observed among the interaction response rates across 
all C-T intervals. Thus, unlike the single site condition which 
exhibited significant decrements at short (0.5-1.0 msec) as 
compared to longer (1.5—5.0 msec) C-T intervals, interaction 
response rates remained consistently high across all inter- 
vals. Moreover, the order in which the electrode sites were 
stimulated was crucial since the C-MV/T-MFB condition 
elicited significantly higher interaction response rates than 
its C-MFB/T-MV counterpart. Indeed, this effect accounted 
for 49% of the interaction variance as measured by strength 
of association. This asymmetry in responding is apparent in 
Fig. 2 in that no overlaps in responding occur across C-T 
intervals. 


2. MV/non MFB Interactions 


Figure | also illustrates the placements of eight rats in 
which the cathodal tip at the brainstem electrode was again 
located in either the midbrain tegmental decussation, the 
oculomotor/Edinger Westphal nuclei or the nucleus linearis. 
In four of these animals, the cathodal tip at the forebrain 
electrode was located either lateral or ventrolateral to the 
MFB, while in the remainder, the cathodal tip impinged upon 
either the fields of Forel or the dorsomedial nucleus of the 
hypothalamus. An analysis of variance revealed significant 
differences, F(4,284)=44.12, p<0.01, among the interaction, 
two-pulse single site and summed single pulse conditions. 
Post-hoc Tukey comparisons revealed that both interaction 
conditions elicited signficantly higher rates than the sum of 
rates elicited by single pulse trains delivered to the sites 
singly: C-MV/T-non MFB, 1¢(71)=11.92, p<0.01; C-non 
MFB/T-MV, 1(71)=12.74, p<0.01. Each of the interaction 
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conditions yielded significantly higher rates than that elicited 
by MV sites alone at a C-T interval of 5 msec (C-MV/T-non 
MEFB, #(71)=2.70, p<0.01; C-non MFB/T-MV, 7(71)=3.05, 
p<0.01), yet yielded similar response rates to that elicited by 
non MFB sites at a C-T interval of 5 msec (C-MV/T-non MFB, 
t(71)=0.97, C-non MFB/T-MV, 1(71)=1.23). Fig. 3 and 
Table 1 summarize MV and non MFB ICSS behavior under 
interaction conditions, and again showed no significant 
differences among the interaction response rates across C-T 
intervals, indicative of physiological summation between 
these loci. While response rate asymmetry as a function of 
site stimulation order occurred, the relationship was re- 
versed in that the C-MV/T-non MFB condition elicited sig- 
nificantly lower interaction response rates than its C-non 
MFB/T-MV counterpart. However, this effect accounted for 
5% of the interaction variance. 


3. SN/MFB Interactions 


Figure 4 exhibits the placements of two rats in which the 
cathodal tip at the brainstem electrode was located in the 
pars compacta of the SN and the cathodal tip at the forebrain 
electrode was located in the MFB. An analysis of variance 
revealed signficant differences, F(4,68)=24.70, p<0.01, 
among the interaction, two-pulse single site and summed 
single pulse conditions. Post-hoc Tukey comparisons re- 
vealed that both interaction conditions elicited significantly 
higher rates than the sum of rates elicited by single pulse 
trains delivered to the sites singly: C-SN/T-MFB, 
1(17)=7.30, p<0.01; C-MFB/T-SN, 1(17)=7.78, p<0.01. 
Each of the interaction conditions yielded significantly 
higher rates than that elicited by SN sites alone at a C-T 
interval of 5 msec (C-SN/T-MFB, 1(17)=10.98, p<0.01; 
C-MFB/T-SN, t(17)=12.24, p<0.01), yet yielded similar re- 
sponse rates to those rates elicited by MFB sites at a C-T 
interval of 5 msec (C-SN/T-MFB, #(17)=0.22; C-MFB/T-SN, 
t(17)=0.30). As seen in Fig. 5 and Table 1, interaction rates 
for this combination vary as a function of site stimulation 
order, but not across C-T intervals. As with the MV/non 
MFB group, the SN/MFB group displayed response rate 
asymmetries as a function of site stimulation order in which 
C pulses delivered to the forebrain electrode (MFB) and T 
pulses delivered to the brainstem electrode (SN) elicited 
significantly higher interaction rates than the reverse se- 
quence. Again, this relationship was relatively small, ac- 
counting for only 14% of the variance. 


4. SN/non MFB Interactions 


Figure 4 also displays the placements of two rats in which 
the cathodal tip at the brainstem electrode was located in the 
pars compacta of the SN and the cathodal tip of the forebrain 
electrode was situated in the periventricular hypothalamus in 
one rat and ventrolateral to the MFB in the other. An 
analysis of variance revealed significant differences, 
F(4,68)= 19.94, p<0.01, among the interaction, two-pulse 
single site and summed single pulse conditions. Post-hoc 
Tukey comparisons revealed that both interaction conditions 
elicited significantly higher rates than the sum of rates elic- 
ited by single pulse trains delivered to the sites singly: 
C-SN/T-non MFB, 1(17)=5.38, p<0.01; C-non MFB/T-SN, 
t(17)=4.43, p<0.01. Each of the interaction conditions 
yielded significantly higher rates than that elicited by SN 
sites at a C-T interval of 5 msec (C-SN/T-non MFB, 
t(17)=6.04, p<0.01; C-non MFB/T-SN, 1(17)=5.79, p<0.01), 
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FIG. 3. Mean ICSS single site and interaction response rates as a 
function of stimulation condition for the seven animals in the 
MV-non MFB group. Note the higher, though overlapping response 
rates across C-T intervals for the C-non MFB/T-MV condition. 


yet yielded similar response rates to those rates elicited by 
non MEFB sites at a C-T interval of 5 msec (C-SN/T-non 
MFB, 1(17)=1.65; C-non MFB/T-SN, #(17)=1.00). As sum- 
marized in Fig. 6 and Table 1, significant variations in re- 
sponse rate occurred as a function of site stimulation order, 
but not across C-T intervals. As with the MV/MFB group, 
the SN/non MFB group displayed response rate asymmetries 
as a function of site stimulation order in that the C-SN, 
T-non MFB condition yielded significantly higher interaction 
response rates across all C-T intervals than its C-non 
MFB/T-SN counterpart, an effect that accounted for 58% of 
the interaction variance. 


5. Simultaneous Stimulation Interactions 


The nine animals in this analysis were drawn from the 
SN/non MFB (n=2), SN/MFB (n=2), MV/MFB (n=3), and 
MV/non MFB (n=2) groups. Significant differences, 
F(3,32)=4.97, p<0.01, were obtained for a one-way analysis 
of variance across rates elicited by simulataneous stimula- 
tion (condition 3, see Method section), the two interaction 
conditions (4 and 5) and the sum of responses when only C 
pulses were delivered to each site singly (1 and 2). Subse- 
quent post-hoc comparisons indicated response rates 
(mean=40.6) elicited by simultaneous stimulation were sig- 
nificantly greater, F(1,18)=12.19, p<0.01, than the sum 
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FIG. 4. Schematic representation [20] of the mesencephalic (left) and diecephalic (right) electrode placements for both the SN-MFB (circles) 


and SN-non MFB (triangles) groups. 


(mean=12.2) of rates produced when C pulses were deliv- 
ered to each site singly. Moreover, the response rates 
(mean=40.6) elicited by simulaneous stimulation did not dif- 
fer significantly from the interaction conditions in which the 
C pulses were delivered to the hindbrain and the T pulses 
delivered to the forebrain at a C-T interval of 0.3 msec 
(mean=46.4; F=0.27) or the reverse sequence (mean=42.7; 
F=0.38). 


DISCUSSION 


The present study demonstrated that ICSS interactions 
occur between mesencephalic (SN and MV) and various hy- 
pothalamic (MFB and non MFB) ICSS sites. When pulse 
pairs were split between the two ICSS electrode sites, inter- 
action response rates were significantly greater than the sum 
of response rates when only C pulses were delivered to each 
site. This was true at all C-T intervals tested, including those 
intervals in which the T pulses were ineffective in increasing 
response rates when C and T pulses were delivered to the 
same site. It should be stressed that these interactions can 
only be interpreted in terms of changes in the rate of a given 
behavior in a given condition, rather than the actual summa- 
tive or refractory characteristics of relevent neurons. How- 
ever, even given this interpretive constraint, intriguing 
differences in the behavioral response rates of the interac- 
tions within combinations occurred as a function of which 
site received the leading pulses. For SN-MFB combinations, 
stimulation of the MFB placement preceding stimulation of 
the SN placement elicited significantly higher interaction re- 
sponse rates than the reverse sequence. For SN-non MFB 
combinations, stimulation of the non MFB placement pre- 
ceding stimulation of the SN placement elicited significantly 
lower interaction response rates than the reverse sequence. 


For MV-MFB combinations, stimulation of the MFB place- 
ment preceding stimulation of the MV placement elicited 
significantly lower interaction response rates. For MV-non 
MFB combinations, stimulation of the non MFB placement 
preceding stimulation of the MV placement elicited signifi- 
cantly higher interaction response rates. 

Though these behavioral interactions occurred regardless 
of which site was stimulated first, it appears that the locus of 
the hypothalamic electrode is important in determining the 
magnitude of the interaction with different mesencephalic 
sites if site stimulation order is taken into account. These 
effects are due to the interaction between site stimulation 
order and site combination alone since all other relevent var- 
iables, including pulse duration, train duration, current in- 
tensities and C-C interval, were held constant. Moreover, 
some of these effects were robust in that they were not al- 
tered across C-T intervals, that is, if site stimulation order 
A-B elicited greater interaction response rates than order 
B-A at a C-T interval of 0.5 msec, it did so also at intervals as 
long as 5 msec. For the MV-MFB combination, interaction 
response rates were significantly greater when the MV was 
stimulated first than when it was stimulated second, an effect 
occurring across all C-T intervals and accounting for 49% of 
the variance. An identical relationship was observed for the 
SN-non MFB combination which persisted across all C-T 
intervals and accounted for 58% of the variance. By contrast, 
the MV-non MFB and SN-MFB combinations yielded higher 
interaction rates when the diencephalic site was stimulated 
first than when it was stimulated second, effects which ac- 
counted for only 5 and 14% of the variance respectively and 
which did not persist uniformly across C-T intervals. 

Furthermore, interaction rates displayed certain 
similarities and differences with those optimal rates elicited 
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FIG. 5. Mean ICSS single site and interaction response rates as a 
function of stimulation condition for the two animals in the SN-MFB 
group. Note the higher, though overlapping response rates across 
C-T intervals for the C-MFB/T-SN condition. 





by delivering both pulses to each single site at a C-T interval 
of 5 msec. First, the hypothalamic placement (MFB or non 
MFB) supported higher response rates at this and all other 
intervals tested than the mesencephalic (SN or MV) place- 
ment. Second, for all eight interaction conditions over the 
four groups, the interaction rate was invariably higher than 
rates elicited by C and T pulses delivered to the mesence- 
phalic site. Third, for the six interaction conditions in the 
SN-MFB, the SN-non MFB, and the MV-non MFB groups, 
the interaction rate was similar to the rates elicited by C and 
T pulses delivered to the diencephalic site. Fourth, only for 
the MV-MFB group did rates elicited by C and T pulses 
delivered to the diencephalic site exceed rates elicited by the 
two interaction condions. Thus, the animals of the MV-MFB 
group appear to modulate their responding in the interaction 
condition by splitting the difference between optimal 
mesencephalic ICSS alone and optimal diencephalic ICSS 
alone. By contrast, the mode of responding of the other three 
groups differs in that the mesencephalic pulses of the in- 
teraction appear to act or substitute for the diencephalic 
pulses, thus producing a rate similar to that elicited by deliv- 
ery of C and T pulses to the diencephalic site. 
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FIG. 6. Mean ICSS single site and interaction response rates as a 
function of stimulation condition for the two animals in the SN-non 
MFB group. Note that the C-SN/T-non MFB condition elicited 
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It also appears that these interaction results cannot be 
attributed to such nonspecific factors as passive current 
spread (see review [38]) since the monophasic pulse pair 
stimulation technique consists of 0.1 msec duration square 
wave pulses in which the cathodal influences dissipate al- 
most instantaneously following pulse delivery. Except for 
the simultaneous stimulation condition, stimulation param- 
eters were such that the pulses delivered to the two sites 
were separated by intervals ranging from 0.3 to 5.0 msec. 
Given the nearly instantaneous dissipation rate of mono- 
phasic square wave stimulation, it is improbable that 
passive current spread produced by the C pulses delivered at 
one electrode site could affect the cathodal properties of the 
T pulses delivered at a second and distant electrode site. 
Furthermore, even if current spread did produce the interac- 
tion, it would still be difficult to explain how response rate 
asymmetries which are solely dependent upon the order of 
stimulus presentation at each electrode site could occur in 
the SN-non MFB and MV-MBFB groups in one direction, but 
occur in the SN-MFB and MV-non MFB groups in the other 
direction. Moreover, since simultaneous stimulation of two 
sites elicited interaction response rates that were signifi- 
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cantly greater than the sum of response rates elicited by C 
pulses delivered to each site singly, yet not different from 
interaction response rates elicited at a C-T interval of 0.3 
msec, it would appear that the simultaneous stimulation 
paradigm measures physiological interactions rather than pas- 
sive spread of current. Therefore, previous studies employ- 
ing simultaneous stimulation between SN and septum [2], 
amygdala and hypothalamus [36], locus coeruleus and hypo- 
thalamus [10], SN and hypothalamus [1] as well as the ven- 
tral tegmentum and hypothalamus [1] appear to be valid. The 
present data suggest that such results can justifiably be in- 
terpreted in terms of behavioral interactions between ICSS 
sites. 

Though the mechanisms by which these behavioral inter- 
actions occur cannot be described in terms of precise sum- 
mative or refractory characteristics in the present study, 
hypotheses can be analyzed in terms of the present data. 
Coons and co-workers [7] suggest that spatial summation of 
pools of reward-relevent neurons is a substrate of the poten- 
tiations observed in ICSS rates during interaction condi- 
tions. The observations that interaction response rates: (a) 
were greater than the sum of rates elicited by stimulating 
each site singly with single pulse trains, (b) exceeded optimal 
rates elicited by delivery of C and T pulse trains to the 
mesencephalic site alone, and (c) approached or exceeded 
optimal rates elicited by delivery of C and T pulse trains to 
the diencephalic site alone, appear to suggest the occurrance 
of either summative convergence of one site upon another or 
convergence upon a third site. 

The related substrates of temporal summation and direc- 
tionality [4, 7, 18] may also bear on the observed interaction 
asymmetries. With ipsilaterally-aligned electrode place- 
ments, temporal summation effects could probably occur in 
tissue surrounding either of the two placements, rostral to 
the anterior placement, caudal to the posterior placement, or 
between the two placements. If one assumed caudo-rostral 
convergence, interaction response rates would be higher if 
the C pulses of the split pulse pair were delivered to the 
caudal site and temporal summation would optimally occur 
either at or rostral to the anterior placement. For rostro- 
caudal convergence, interaction response rates would be 
higher if the C pulses of the split pulse pair were delivered to 
the rostral site and summation would optimally occur either 
at or caudal to the posterior site. On this basis, caudo-rostral 
convergence appears to explain MV-MFB and SN-non MFB 
interactions while rostro-caudal convergence appears to ex- 
plain MV-non MFB and SN-MFB interactions. Yet a tem- 
poral summation hypothesis would predict that interaction 
response rates would increase as the C-T interval between 
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the split pulse pairs decreased, an effect which was not ob- 
served for any of the interaction combinations. The related 
directionality hypothesis cannot account for the persistent 
increase in interaction response rates across all C-T intervals 
(0.3-5.0 msec) when C pulses were delivered to the SN or 
MV sites of the SN-non MFB and MV-MFB groups re- 
specitvely. The point at which response rates change in these 
conditions is the 0.6 msec window between the two condi- 
tions, a time in which minimal importance is attached to 
which site received the C and T pulses. Therefore, the ob- 
served asymmetries cannot be explained clearly or solely by 
either temporal summation or directionality characteristics. 

We have previously indicated that the present design 
cannot adequately describe the interaction in terms of actual 
summative or refractory characteristics of reward-relevent 
neurons, but rather as a characterization of differential be- 
havioral results as a function of the order and locus of the 
stimulated sites. An alternative means of employing the C-T 
technique, designated as trade-off functions [40, 41, 42, 43] 
have been postulated to analyze summative, refractory, col- 
lision and interactive characteristics of neurons subserving 
ICSS behavior. Yeomans [40,42] proposed initially that 
monophasic pulse pair stimulation may yield false positive 
data if only manipulations in C-T interval are used to infer 
the refractoriness of reward-relevent neurons. Rather, a sys- 
tematic analysis of changes in responding as multiple func- 
tions of C-T interval, C-C interval, pulse pair frequency and 
current intensity was necessary to carry out proper refrac- 
tory inferences. Employing these multiple threshold meas- 
ures, Yeomans [41] estimated the absolute refractory charac- 
teristics of reward-relevent neurons to be between 0.4 and 
1.2 msec while the relative refractory component appeared 
to be active at C-T intervals up to 5 msec. Super-normal 
components began to produce within-site effects between 3 
and 5 msec. Again, these data could be altered differentially 
as a function of the stimulus conditions, that is, if the current 
intensity of the C and T pulses differed, then the refractory 
values shifted. These studies indicate why the present data 
should not be interpreted in terms of actual summative and 
refractory characteristics since the C-T functions were de- 
rived from a particular set of C-C intervals, stimulus inten- 
sities and pulse pair frequencies. Whether the observed in- 
teractions and response rate asymmetries occur across the 
population of multiple functions must be investigated 
further. 
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BARNETT, S. A. AND M. H. R. SANDFORD. Decrement in ‘‘social stress’’ among wild Rattus rattus treated with 
antibiotic. PHYSIOL. BEHAV. 28(3) 483-487, 1982.—‘*‘Black”’ rats, Rattus rattus, were trapped and studied in colonies 
each of 6 adult males and 6 adult females. Eight colonies had antibiotic (Neoterramycin) in their drinking water, and eight 
(controls) had not. Twenty mated pairs were kept in small cages; of these, ten received Neoterramycin. The only deaths of 
males were in the control colonies. In the antibiotic colonies there were also (1) a lower incidence of attack when behavior 
was directly observed, (2) less skin wounding, (3) less macroscopic evidence of lung lesions. The lowest incidence of skin 
scars and lung lesions was among the rats kept in small cages. There was no evidence of an effect of the antibiotic on body 


or adrenal weights, or on kidney pathology. The locomotor activity of rats was separately recorded, with or without 
antibiotic, in artificial automated environments. There was no evidence that activity was reduced by antibiotic. It is 
hypothesised that diseased rats provoke more attack than healthy ones. 


Activity Agonistic behavior Antibiotic 


IF an adult male rat of the genus Rattus is attacked by a 
conspecific male, it may die without any evident cause. The 
species in which such deaths have been observed are the 
brown or Norway rat, R. norvegicus, the black or roof rat, 
R. rattus [3,4] and the Australian long-haired rat, R. villosis- 
simus [8]. Tree shrews, Tupaia belangeri, may respond to 
‘social stress’’ in a similar way [11]. 

Although there may be no obvious cause of death, his- 
topathological changes may be observed in dead or 
moribund animals. In the work cited on long-haired rats and 
tree shrews, abnormalities of the kidneys suggested the 
presence of an infective agent. Renal pathology has also 
been reported in dense populations of several species [1], 
especially the deer mouse, Peromyscus maniculatus, and a 
lemming, Lemmus trimucronatus [2]. We therefore hypoth- 
esised that one factor in the unexplained deaths that accom- 
pany ‘‘social stress’’ is exacerbation of endemic infection. 
Such an effect could be due to the endocrine changes that 
occur during conflict (reviewed in [1]). Laboratory colonies 
of wild R. rattus were therefore set up, some with an 
antibiotic in the drinking water to prevent or reduce bacterial 
infection. Below we describe findings that conform with the 
hypothesis. 


METHOD 


Animals 


The animals were adult, wild ‘‘black’’ rats, Rattus rattus, 


Attack 


Lung pathology Social Stress Wild rats 


trapped in and around paddocks in the Australian Capital 
Territory. Trapping began in January 1980 and ended in 
June; hence the population from which the rats were drawn 
was undergoing the increase in numbers usual in late summer 
and autumn. 

Each rat used in the experiments on behavior was first 
dusted with Fleatick insecticidal powder, and then housed in 
groups, never in isolation, for at least two weeks in small 
wire cages. Mecon rat and mouse cubes and water were 
available at all times until the beginning of the experiments. 
In addition, twelve rats were killed for examination of organs 
immediately after they were trapped. 


Procedure 

Sixteen colonies were set up, each in a large observation 
cage (1000x5050 cm high) with a sloping glass front [5]. 
Four nest boxes opened off the cage at floor level. Cotton 
wool was provided for bedding. A colony consisted of six 
adult males and six adult females. Before the experiments 
began, each male was weighed and marked with Durafur to 
allow individual recognition. All rats were initially strange to 
each other, and all were put in the cage within a period of 
about three minutes, to ensure that no male established a 
territory in advance of the rest. Each colony was maintained 
for twenty-one days. 

Water was always available from a large inverted bottle 
The water of eight of the colonies contained 1.4 g/5 | Neoter- 
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. 1. Group of rats at feeding bowl in a colony cage. 


ramycin. The latter is a broad spectrum antibiotic, and is 
effective when taken orally. As a result of this treatment, 
each rat received about 3.2 mg antibiotic daily. This figure is 
estimated from the total rate of water consumption in the 
colonies. The other colonies had plain water. 

Food was supplied in a small bowl which allowed only 
three or four rats access to the food at a time (Fig. 1). Except 
during three days, food was available only during the first 
two hours of darkness. During the first three days, some 
food was also supplied during the day. The food was given as 
a coarse powder. 

Forty rats were retained in mated pairs in small cages. 
Each cage had a nest box furnished with cotton wool. These 
rats had the same feeding regimen as those in the colonies. 
Ten pairs had Neoterramycin in their water, and ten pairs 
had plain water. 

During the first hours of feeding, the behavior of the rats 
in the colonies was watched by closed circuit television from 
an adjoining room, and was also recorded on videotape. Dur- 
ing that period, a small fluorescent light was switched on 
above the cage to be observed. This gave a light intensity 
lower than that of normal lighting, and the rats came out to 
feed as usual. The videotapes were used for counting the 
following acts: (1) attack: one rat jumped at or scratched or 
bit another; (2) supplanting: one rat approached another, and 
the other withdrew, not necessarily after actual contact; (3) 
allogrooming: one rat licked, nibbled or chewed at the fur of 
another; (4) hoarding: carriage of food to a nest box. Only 
male behavior was recorded, except for that of one female 
which was the dominant animal of her colony. 


Activity 

The effect of the antibiotic on locomotor activity was 
tested in plus-mazes (Fig. 2). Each maze had a central nest- 
box and four arms. The number of visits to an arm, and the 
duration of each visit, were recorded electronically and 
logged on a PDP8-e computer. (The method has been fully 
reviewed by Barnett and Cowan [7].) Sixteen adult rats were 
each put in a maze for three days with food and water ad lib. 
Eight rats, four of each sex, had Neoterramycin in their 
drinking water. The other rats (also four of each sex) had 
plain water. 

Throughout the experiment, arm A of the maze contained 
food and arm D was empty. Arm B was empty for the first 
two days, but had a strange object (a metal cube of 2.5 cm 
side, painted white) on the third day. Arm C was closed for 
the first two days and open on the third. The procedure 
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FIG. 2. Plan of artificial environment, or plus-maze. Each arm is 
entered from the nest box through a tunnel, and each is crossed by 
two infra-red beams focussed on phototransistors. 


allowed measurement of locomotor activity in an artificial 
environment, and also recorded the response (a) to a strange 
object in a familiar environment and (b) to a new place. 


Organ Weights, Histopathology and Wounding 


After twenty-one days all males in the colonies, and the 
males from the corresponding mated pairs in small cages, 
were killed with chloroform. The adrenal glands, kidneys, 
and lungs were quickly removed. The adrenals were cleaned, 
blotted and weighed to the nearest 0.1 mg. The lungs were 
inspected for macroscopic signs of infection. Examples of 
apparently normal and of badly infected lungs were fixed in 
Bouin’s fluid, and embedded in paraffin, sectioned at 6 yw, 
and stained with hemalum and eosin. The kidneys were simi- 
larly treated, and examined for histopathological signs such 
as those described by Barnett er a/. [8]. 

The skin of each male was removed, cleaned of adipose 
tissue and stored overnight in 30% alcohol. It was then pin- 
ned out and the number of wounds or perforations recorded. 
Wounds were classified as small (<0.5 cm=s), medium (0.5 
to 1.0 cm=m) or large (>1.0 cm=!/); and the wounding score 
(W,) was calculated as follows [12]: W,=nW, + 2nW,, + 
4nW). 


RESULTS 
Observations of Behavior 


The record of supplanting interactions in the colonies re- 
vealed two kinds of social organisation. In five antibiotic 
colonies and three control colonies, no clear differences of 
social status were observed. In each of the remaining three 
antibiotic colonies and five control colonies, there was a 
dominant animal, that is, one that supplanted the rest. In five 
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TABLE 1 TABLE 2 


MEAN BODY WEIGHTS (g) WITH STANDARD ERRORS (N=45), AND NUMBER OF VISITS AND DURATION OF STAY (MIN) IN ARMS 
NUMBER OF TIMES 3 ACTIVITIES WERE RECORDED DURING 30 HR OF PLUS-MAZE: MEANS WITH STANDARD ERRORS 
OBSERVATION OF 6 COLONIES OF EACH TYPE (N=8 FOR EACH CLASS) 





Body Weight Allo- Hoard- Treated with Antibiotic Controls 
Initial Final Attack grooming ing Visits Duration Visits Duration 








Antibiotic M2527 t::S$s 13* 37 117 Total: 
Control we2:7i Tes $7 27 12 66 of arms. 
iii “= = - 0.05 0.05 all days 2 0.6 
Arm C: 
*All in one colony by a single male. day 3 only | 4 ; 55 0.4 
Arm B: 
day 2 E 5 + 2.0 
day 3 ] a © 11* 2.2 + 0.9*t 








colonies there was a single dominant male; in one antibiotic eee Res 
. Arm C was open only on day 3. Arm B contained a strange object 
and one control colony there were two dominant males; and on den 3. 
in one control colony the dominant animal was a female. *Different from day 2 (p<0.05) 
There was therefore no evidence of an effect of the +Different from antibiotic (p<0.05). 
antibiotic on whether there was a clearly identifiable domi- 
nant individual; but there was an effect on the incidence of 
social interactions. Table 1 gives the incidence of three types 
of activity. Attack was observed in only one antibiotic col- the tendency to avoid a strange object in a familiar place. 
ony (always by one male), but in five control colonies. More experiments are needed to test this. 
The absence of attack in seven of the antibiotic colonies 
was not correlated with a low incidence of other social in- Micetadinn Bide Wiibitiee Beet Betton: Adve: ated 
teractions, such as allogrooming; nor was there evidence of a Sins 
low frequency of non-social activities, such as hoarding 
food. Both allogrooming and hoarding were observed more No males died in the small cages or in the antibiotic col- 
frequently in the antibiotic colonies (Table 1). onies; two females died in the antibiotic colonies; in the con- 
The effect of the antibiotic on locomotor activity was trol colonies, six males and five females died (Table 3). 
tested more rigorously in the plus-mazes (Table 2). There Hence mortality among the males corresponded to the be- 
was no evidence of difference between the sexes; the find- havioral differences between the two kinds of colony. There 
ings for each class of eight rats were therefore pooled. was no evidence of an effect of the antibiotic on body weight 
The controls made more visits to the arms than did those or adrenal weights, but there were differences among colony 
treated with antibiotic, yet spent less time outside the nest males in the incidence of macroscopic lesions of the lungs 
box; but for all comparisons except one p>0.05. The pres- and of skin wounds. 
ence of a strange object in arm B produced a similar decre- All lungs examined, including those of rats killed as soon 
ment of movement by both classes of rats. The time spent in as they were trapped, showed pathological changes (Fig. 3). 
arm B by the controls was, however, less than the corre- There was evidence of chronic inflammatory disease, char- 
sponding figure for the rats that received antibiotic (p <0.05); acteristically patchy in its distribution. Some lesions con- 
this suggests that the antibiotic reduced neophobia, that is, sisted of interstitial inflammatory exudate with large num- 


TABLE 3 


MORTALITY, LUNG LESIONS, WOUNDING, AND ADRENAL WEIGHTS; STANDARD ERRORS ARE GIVEN 
WITH THE MEANS 





No. Deaths Males Incidence Adrenals (males) 
of with lung of wounds 
rats ] : lesions (males) mg/100 g 





Colonies: antibiotic 48 11*4 ee EF + 3.5F 40.0 + 
control 48 - 22# 32 2 + 2.4: 41.7 + 

Small cages: antibiotic 10 5 6 = &: e $. 42.4 + 
control 10 2 72% 37.3 + 





*Differs from control colonies (p<0.05). 
+Differs from control colonies (p<0.001). 
tDiffers from rats in small cages (p<0.01). 
§Differs from rats in small cages (p<0.001). 
qN=45. 

#N=44. 
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FIG. 


B: bronchus with adjacent chronic inflammatory infiltrate. From 


control colony. C: granuloma from antibiotic colony with multinucleate giant cells and many small 


alveolar walls. From control colony. 


round cells. D: focal interstitial pneumonitis with associated alveolar dilation, found in a rat killed 


immediately after tra 


£. 


ppin 
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bers of small round cells. Others were granulomas with 
multi-nucleate giant cells, polymorphs and brown pigment. 
Some contained what appeared to be fragments of nematode 
cuticle. There was therefore evidence of a long-standing 
bacterial infection, but there were also signs of a separate 
helminth infection. 

The kidneys of the rats of all classes were histologically 
similar: there was no evidence that pathological changes re- 
sulted from grouping rats in colonies. 


DISCUSSION 


The effect of antibiotic in the drinking water of colonies of 
R. rattus was to reduce conflict among the males. In the 
treated colonies, attack, directly observed, was almost ab- 
sent, whereas in control colonies it was common. The only 
deaths of males were in the control colonies. There were 
corresponding differences in the incidence of skin wounds 
and of macroscopic lung lesions. There was, however, no 
evidence of an effect of the antibiotic on general activity, 
that is, movement in the living space. 

The findings on the lungs of freshly trapped rats suggest 
the presence of an endemic, low-grade infection in the popu- 
lation from which the experimental rats were drawn. There 
was no evidence of an effect of captivity itself on morbidity: 
none of the rats kept in small cages died. 

As expected, grouping in the colonies led to conflict: 
among the males in both types of colony, there was more 
skin wounding than among those kept in small cages. The 
resulting morbidity and death in the control colonies con- 
forms with the results of previous work (cited in the intro- 
duction); but our present study includes two new findings. 


(1) The pathological changes differed from those de- 
scribed in other studies (on other species). There was no 
evident effect on body or adrenal weights, or on kidney his- 
tology. Our observations do not allow any explanation of the 
negative finding on the adrenals; but there is an obvious 


hypothesis concerning the diversity of histopathological 
changes mentioned in the introduction. The effects of com- 
ing under attack by a conspecific are presumably initially on 
the central nervous and endocrine systems (reviewed by 
Andrews [1] and Barnett [6]); these systemic effects may 
then result in any of a variety of pathological changes, ac- 
cording to the species and the pathogens already present. 

(2) Our second and more important new finding concerns 
the lower incidence of conflict among the rats treated with 
antibiotic. It is not surprising that an antibiotic reduced some 
of the ill effects of social interactions; but at first sight 
healthy rats would be expected to do more attacking than 
diseased rats, whereas in fact they did much less. 

We therefore tentatively suggest that diseased rats evoke 
more attack than do healthy ones. This notion leads to the 
testable hypothesis that rats with infectious disease can be 
distinguished by conspecifics, and are attacked as a result of 
their diseased state. It is, however, at present not possible to 
exclude a direct effect of the antibiotic on social behavior. 

Our proposal is therefore only a speculation. It can, how- 
ever, also be related to a hypothesis on the function or survi- 
val value of attack on conspecifics. Freeland [9,10] has 
studied infections in groups of Primates in relation to 
xenophobic behavior. He suggests that, if a newcomer to a 
group is at first treated harshly, an existing diseased state 
may be revealed by making it worse. Diseased individuals 
would then tend to be eliminated, and the group would be 
protected from infection. Such an effect would be enhanced 
if the presence of infection could be detected and, as a re- 
sult, actually provoked a hostile response. This proposal 
points to further possibilities of combining epidemiological 
study with the investigation of social interactions. 
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DIB, B.,. M. CORMARECHE-LEYDIER AND M. CABANAC. Behavioral self warming and cooling of spinal canal by 
rats. PHYSIOL. BEHAV. 28(3) 489-495, 1982.—Rats with a chronic thermode implanted in their spinal canal could 
bar-press to warm or cool their spinal cord. With a *‘cold”’ lever, they cooled their spinal canal less in a cold environment 


than in a warm environment. With a ‘‘warm”’ lever they behaved in the same way, i.e., 


warmed their spinal canal more in a 


warm than in a cold environment. In a two-lever situation they pressed the cold and the warm levers alternately in warm 
environment, but did not press either in cold environment. These results suggest that cold and warm spinal cord provided 


the rats with rewards of a different nature. 


Self warming Self cooling Spinal canal 


EXPERIMENTAL cooling and warming of a thermode 
chronically implanted in the spinal canal is followed by the 
whole pattern of thermoregulatory cold and warm autonomic 
responses. These responses show the existence of a tem- 
perature sensitivity in the spinal cord. This is now well 
documented in several species [10, 12, 13, 14, 15, 18, 19]. 
That this sensitivity is able, also, to elicit various thermo- 
regulatory behaviors has been shown in pigeon [15, 16, 17], 
frog [9], pig [3] and dog [6]. 

What would happen if the animal had access to a lever 
modifying not environmental temperatures as in the experi- 
ments referenced above, but the temperature of the deep 
sensor itself? Such an experiment was carried out by Corbit 
[4], Corbit and Ernits [5] in rats and by Adair [1] in monkeys. 
In both experiments the thermode was chronically implanted 
in the hypothalamus. The animals used the lever to cool the 
thermode when it had been warmed by the experimenter. 
However, in a cold environment, pigs did not use operant 
behavior to warm their neutral hypothalamic thermodes [2]. 
Discrepancies may be due to the fact that hypothalamic tem- 
perature sensitivity in the rat is not symmetrical, as far as 
warming and heating by the experimenter are concerned. 
Rats seem to respond consciously to warming of the hypo- 
thalamus but not to the cooling of it (Cabanac and Dib, pub- 
lication pending). 

These observations led us to extend the experimentation 
to spinal cord temperature sensitivity. Would rats use a lever 
changing the temperature of their own spinal cord? Dogs did 
warm their spinal thermode but only in a warm environment 
[6]. This somewhat puzzling result also needed to be ex- 
plored somewhat further. 


Reward 


Thermoregulatory behavior 


GENERAL METHOD 


Rats were chronically implanted with a water perfused 
thermode placed in their spinal canal. By pressing a lever 
they could modify the temperature of the water circulating in 
the thermode. This behavior was measured in warm, cool or 
cold environments while the water perfused was cold, at 
body temperature or warm. Experiments started 10 to 15 
minutes after placing the rat in the apparatus, in order to let 
the animal stabilize its body temperatures and exploratory 
behavior. 


Animals and Surgery 


Twenty four rats were used in the experiments. They 
were reared in individual cages. They weighed between 380 
and 450 g. Each received a polyethylene U-shaped catheter 
of internal and external diameters 0.3 mm and 0.7 mm, re- 
spectively. Under 35 mg-kg™' barbiturate general anesthesia 
the thermode was introduced in the epidural space to 4.5 cm 
from T., down to T;. The free ends of the catheter were 
sutured to T, then left protruding from the rat’s neck. Each 
rat received 36,000 units of depot penicillin subcutaneously. 
After surgery and recovery, the rats were apparently in good 
health, their motility was normal and they survived from 3 
weeks to 7 months. Ten rats with apparent nervous trouble 
were discarded. The rats were petted and handled daily in 
order to minimize the effect of future experiments. 


Climatic Chamber 


During the experiments the rats were placed in a wire 
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mesh cylinder 0.31 m high and 0.35 m diameter. This cylin- 
drical cage itself was placed inside a slightly larger double 
wall cylinder made of copper. The space between the copper 
walls was filled with constantly stirred water at regulated 
temperatures. Hot, cool and cold wall temperatures pro- 
vided, near the rat, air temperatures of respectively 35, 20 or 
10°C. The wire mesh cage was equipped with two levers, L, 
and L., 55 mm long and 5 mm broad, 140 mm apart and 20 
mm above the cage floor. 


Thermode Perfusion 


During the experiments, tap water at 20°C was con- 
tinuously circulated through the spinal thermode. The flow 
of water through the thermode was 8-11 ml-mn~'. The actual 
temperature of the water was changed, just prior to entering 
the thermode, i.e., 15 mm above the rat’s skin, using a spiral 
resistance heater R, placed around the inlet. This resistor 
was fed by an adjustable rheostat (Fig. 1). By simple adjust- 
ment of the rheostat the experimenter could thus cool the 
thermode (31.1<T,,<35.0°C), warm it (41.2<T,,<44.5°C), or 
circulate water at the rat’s body temperature. 

The rat could act on R, by pressing level L,. Any pressing 
on L, could open the R, circuit and cool the water perfusing 
the spinal thermode (Experiment I). After the beginning of 
the lever pressing water temperature started to drop in 3 sec 
and reached a minimum in 16 sec when ambient temperature 
was 20°C. At 35°C ambient temperature, these delays were 
respectively 12 and 30 sec. 

Any pressing on the second lever (L,) would activate a 
second coiled resistor (R,), also placed at the thermode inlet. 
This would heat the inflowing water (Experiment II). After 
the beginning of a press on L,, and independently from am- 
bient temperature, water temperature would start to raise in 
8 sec and reach a maximum in 15 sec. 

During Experiment I, lever L, only was operant. During 
Experiment II, lever L, only was operant. In a third experi- 
ment (Experiment III) rats had access simultaneously to lev- 
ers L, and L,. They could therefore self cool and/or self 
warm their spinal canal. 


Training and Behavior Measurement 


The experiment started only after the rats had been 
trained to the experimental cage and to lever use. Training 
was considered to be obtained when this behavior was 
stable. 

Experiment I. A one hour session was sufficient for the 
rats to learn how to the press lever and self cool their spinal 
canal when it was heated by the experiment (40<T,,<42°C). 

Experiment II. Two to 3 sessions of one hour were neces- 
ary for each rat to learn lever pressing in order to self heat 
its spinal canal when it was cooled by the experimenter 
(31<Ty,<35°C). 

Experiment Ill. Five to 6 one hour sessions were neces- 
sary for each rat to learn how to use both levers L, and L,. 
During these sessions, as during the experiment, the ther- 
mode was perfused with water at the same temperature as 
the rat’s rectal temperature. 

During these experiments, the thermode temperature was 
modified as long as the rat bar pressed. The time the rat 
spent pressing the lever was recorded electrically on a digital 
timer. This was preferred to a rate counter, as more indica- 
tive of what the rats obtained (Hamilton [11]) than rate of 
lever pressing. Behavior was expressed as time of lever 
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FIG. 1. Experimental set for the measurement of self spinal cooling 
and warming. L, and L,, levers; R, and R,, heating resistors; Rh, 
and Rh,, rheostats; C, and C,, time meters; W, water; P, pump. 


pressing in periods of 30 min. Results presented here were 
averaged as interindividual means. 


Recordings 


In addition to behavior recording, four temperatures were 
continuously recorded: three from the rat and one environ- 
mental. All sensors were thermocouples, recorded on a 
potentiometric recorder with a sensitivity of 0.1°C. One 
thermocouple was placed 70 mm inside the colon (T,,), one 
was taped on the skin at the dorsal side at the basis of the tail 
(T,), one measuring water temperature 20 mm prior to its entry 
into the thermode (T,,). T,, values given in the text corre- 
spond to extremes of variation in perfusion temperature. 
During thermode perfusion spinal cord temperature varia- 
tions were less extreme than thermode temperature varia- 
tions. Ambient temperature (T,) in the climatic chamber was 
measured not far from the rat. The temperature of the exper- 
imental room was kept constant (20+ 1°C). 

Although entangled with 2 tubes (thermode perfusion and 
evacuation) thermocouples (T,,, T,, T,,) and 4 wires feeding 
the coil resistors, rats were largely free to move. Details on 
the techniques permitting the connection of a freely moving 
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FIG. 2. Sample of thermode temperature recorded in a cool en- 
vironment (a) and in a warm environment (b). At time 0 the rat was 
placed in the climatic chamber and the spinal thermode was heated 
at about time 10 min. T,,: temperature of the water perfusing the 
spinal thermode. The abrupt and deep depressions of T,, are the 
result of the rat’s self stimulating behavior. On both instances the 
spinal thermode was perfused with hot water at almost 44°C; self 
stimulation resulted in spinal cooling. 


rat to several pressure tubes and thermocouples have been 
published elsewhere [8]. 


EXPERIMENT I: SELF COOLING 


In this experiment, pressure on lever L, by the rat cooled 
the spinal thermode. This behavior was measured at two 
ambient temperatures (20°C and 35°C) and at three tempera- 
tures of the water perfusing the thermode: cold 
(33.1<T,,<35°C), body temperature (38.2<T,,<40.8°C) and 
warm (41.2<T,,<44.5°C). Combining two ambient tempera- 
tures with three water temperatures produced six experi- 
mental conditions. Each of six rats was placed at least once 
in each of the six conditions. Altogether 64 experiments were 
conducted. 


RESULTS 
Warm Spinal Perfusions in a Cool Environment (20°C) 
Figure 2a gives a typical example of the evolution of the 
variables during a session of spinal self cooling in a rat with a 
warm thermode (44<T,,<45°C). This figure shows that the 
rat pressed the lever one 10 min after the beginning of spinal 
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FIG. 3. Average (+S.E.) behavioral response of the group of rats 
placed in a hot (a) or cold (b) environment. The behavior recorded 
was the time spent pressing the lever to obtain a cooling of the spinal 
thermode. The water perfusing the thermode in the absence of the 
rat's behavior was either cold (C): 33.1—35°C, body temperature (B) 
38.2—40.8°C, or warm (W): 41.2—44.5°C (*p <0.02, Student f-test with 
nearest column) 


heating, it thus brought water temperature down to nearly 
28.5°C. For the 30 min session, total lever pressing time was 
60 sec. Heating of the spinal cord was followed by skin vas- 
odilatation and decrease in rectal temperature. Seven exper- 
iments were performed on the six rats. Mean self cooling 
time for the group is shown Fig. 3b (column W). 


Warm Spinal Perfusions in a Warm Environment (35°C) 


Figure 2b gives an example of this situation. It can be 
seen that the rat, after 30 sec latency, repeatedly pressed the 
lever and sometimes kept it depressed for several minutes. It 
thus lowered its spinal thermode temperature to between 
28.5 and 26.5°C. In this session the rat pressed the lever 5 
min 30 sec every 30 min. In addition, Fig. 2 shows that bursts 
of lever pressing were followed by skin vasoconstriction. 
Figure 3a, column W shows the average self spinal cooling 
time of the six rats at 35°C ambient temperature and with a 
heated spinal canal. 


Cold and Neutral Spinal Perfusions 


Figure 3 shows the mean self spinal cooling time of the 
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rats when ambient temperature was warm, 35°C (Fig. 3a) or 
cool, 20°C (Fig. 3b). Columns B and C refer to the tempera- 
ture of the water perfusing the spinal thermode, at body 
temperature or cold (33.1<T,,<35°C), respectively. Al- 
together 37 experiments were carried out on 8 rats in the cool 
environment and 14 on 7 rats in the warm environment. This 
figure demonstrates self spinal cooling when the spinal ther- 
mode was heated in a warm environment (Fig. 3a, col- 
umn W). Mean times of lever pressing in all other circum- 
stances were not significantly different from each other and 
should be considered as basal activity. 


DISCUSSION 


Among the six experimental conditions, combining 3 
thermode temperatures and 2 ambient temperatures, only 
one case gave positive results: rats self cooled their spinal 
canal in a warm environment when the thermode was 
heated. 

Negative results in rats with a cool perfusion of their spi- 
nal thermode are not surprising. The time of bar pressing in 
these cases serve as control of the rats activity. If rats 
worked to reduce a warm spinal signal, this confirms the 
existence of a warm spinal sensitivity. Warming the spinal 
cord in dogs [6], pigeons [17], and frogs [9] induced correc- 
tive thermoregulatory behaviors. Only pigs failed to respond 
behaviorally to spinal heating [3]. 

A warm spinal sensitivity is necessary but is not sufficient 
to explain the present results. Rats self cooled their spinal 
canal only in a warm environment. One may hypothetize that 
a warm skin was likely to be necessary to arouse a warm 
spinal ‘‘sensation.”’ In a cold environment it would thus not 
be worth while for the rat to cool its spinal canal since it 
would not be informed of the cooling. Indeed, in a cold en- 
vironment rats tended to stop lever pressing. However, if a 
warm spinal canal was necessary but not sufficient to induce 
self spinal cooling a warm skin was not sufficient. Fig. 3a, 
column B shows that rats with a warm skin, but whose spinal 
canal was kept at body temperature, did not self cool. Such a 
conjunction of spinal and skin warm signals would explain 
the negative results obtained in all other cases. 

Self spinal cooling was accompanied by skin vas- 
oconstriction. The amount of possible decrease of skin tem- 
perature was limited by ambient temperature. Although lim- 
ited in its amplitude the decrease of skin temperature may be 
the reward sought by the rat. There is, for the moment, no 
way of ruling out or confirming this hypothesis. Whatever 
the origin of the self cooling behavior of the rat in warm 
environment, the literature does not provide any other 
example of such behavior. The only other attempt at self 
spinal stimulation was in dogs [7]. 

Dogs did not self cool their spinal canal even when it was 
heated and in warm environment. Dogs did not respond by a 
corrective behavior to spinal cooling [6]. Dogs and frogs [9], 
but not pigs [3] possess a warm spinal sensitivity capable of 
triggering thermoregulatory behavior. The presence of skin 
vasoconstriction visible, of course, mostly in cold environ- 
ment, but present during each spinal cooling, here shows the 
existence of a cold spinal sensitivity in rats. It is therefore 
possible that species differences exist regarding spinal tem- 
perature sensitivity and its capacity of arousing behavior. 


EXPERIMENT II: WARMING 


In this experiment, pressure on lever L, by the rat, heated 
the spinal thermode. As in Experiment I, this behavior was 
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FIG. 4. Sample of thermode temperature recorded under various 
conditions. T,,: temperature of the water perfusing the spinal ther- 
mode. The deep changes of T,, are the result of the rat's self 
stimulating behavior. The spinal thermode was perfused with cold 
water at almost 34°C; self stimulation resulted in spinal heating. 


recorded at two environmental temperatures, 20°C and 35°C, 
and three temperatures of the water perfusing the spinal 
thermode; cold (C: 31.1<T,,<35°C), body temperature (B) 
and warm (W: 41.4<T,,<42.7°C). Combining both param- 
eters produced the same six different conditions as in Exper- 
iment I. Each of seven rats was placed at least once in each 
of the six conditions, and 58 experiments were performed. 


RESULTS 
Cold Spinal Perfusions in a Cool Environment (20°C) 


Figure 4a gives a typical example of the results obtained 
in these conditions. When the spinal canal was cooled to 
33<T,,<35°C in a cool environment, the rat pressed the 
lever only once. Thus it raised its thermode temperature to 
46°C. The rat pressed the lever for 1 min 20 sec out of the 30 
min of the session. Sixteen experiments were performed on 
seven rats whose spinal canal was cooled (32.7< 
Ty,<32.8°C). The mean response of the rats is shown 
on Fig. 5b, column C. 


Cold Spinal Perfusions in a Warm Environment (35°C) 


Figure 4b gives an example of this situation. It can be 
seen that the rat repeatedly pressed the lever and warmed its 
spinal thermode. This behavior appeared following 6 min 
latency after the onset of the cold perfusion. Maximal spinal 
temperature chosen by the rat was between 44 and 48°C, and 
total lever pressing time computed for 30 min was 4 min. 
Sixteen experiments were performed on seven rats whose 
spinal canal was cooled (31.1<T,,<34.6°C). The mean re- 
sponse of the rats is shown on Fig. Sa, column C. 
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FIG. 5. Same legend as Fig. 2, but here the rats warmed their spinal 
thermode when they pressed the lever (**p<0.01, Student /-test 
with nearest column). 


Warm and Neutral Spinal Perfusions 


Figure 5 shows the mean self spinal warming time of the 
rats when ambient temperature was warm 35°C (Fig. 5a), or 
cool 20°C (Fig. 5b). Columns W and B refer to the water 
perfusing the spinal thermode, warm (41.4<T,,<42.7°C) or 
at body temperature, respectively. Altogether 14 experi- 
ments were performed on 7 rats in the cool environment and 
12 on 7 rats in the warm environment. 

This figure demonstrates self spinal warming when the 
spinal thermode was cooled in a warm environment (Fig. 5a, 
column C). Mean times of lever pressing in all other circum- 
stances were not significantly different from each other and 
should be considered as basal activity. 


DISCUSSION 


Among the six experimental conditions combining 3 
thermode temperatures and 2 ambient temperatures, only 
one case gave positive results statistically different from all 
other cases: rats self warmed their spinal canal in a warm 
environment when the thermode was cooled. This result 
shows the existence of a cold sensitivity, probably in the 
spinal cord. In this regard rats responded in the same way as 
pigs [3] and pigeons [17] but contrary to dogs [6]. Self warm- 
ing was opposite to spinal cooling applied by the experi- 
menter. The behavior was present in a warm environment in 
absence of a cool skin. Cold spinal canal therefore was nec- 
essary and sufficient to produce self spinal heating and was 
thus different from self spinal cooling (Experiment 1). The 
temperature obtained by the rats was usually about 42.5°C at 
the entry of the thermode. Even if there was some heat loss 
between the thermocouple and the spinal canal one may as- 
sume that thermode temperature was higher than deep body 
temperature (38.5 to 39°C). The behavior therefore not only 
removed the cooling but also warmed the spinal canal. This 
may be the reason for the lever pressing: the rats would thus 
actuate their autonomic response and in turn better resist the 


warm environment; indeed their rectal temperature rose. 
Self spinal warming was also obtained in one dog [7]. In that 
case the results were identical to those obtained here in rats: 
increase in ambient temperature also increased the behavior 
of self spinal warming. 

Figure 5b, column C shows that, contrary to what was 
expected, rats did not self warm their spinal cord in a cold 
environment. This is paradoxical. Since they did so in a 
warm environment the cold signal alone is sufficient to 
arouse the behavior. One would, then, expect them to self 
warm more in a cold environment when a skin cold signal is 
added to the spinal cold stimulus. The cooling of the spinal 
canal was the same in both experiments, therefore the differ- 
ence originated in the cold skin. Two possible explanations 
can be hypothetized to explain this behavior: (a) nervous 
input from a cold skin would inhibit the transmission of the 
cold spinal signal to the higher centres. This mechanism 
would also suppress self spinal cooling in a cold environ- 
ment. (2) a cold skin would arouse a sensation marking the 
spinal sensation. Thus in a cold environment a spinal cooling 
would leave the rat unaware of it. 

Other negative results obtained in this experiment could 
be expected and serve as control. 


EXPERIMENT III: CHOICE 


Experiment I showed that rats suppressed the warming of 
their spinal canal and self cooled it in a warm environment. 
Experiment II showed that rats suppressed the cooling of 
their spinal canal and self warmed it in a warm environment. 
Thus the rats evidence contradictory behaviors. 

In order to solve this contradiction we placed the rats in a 
situation of choice. In this experiment the rats had access 
simultaneously to two levers. Depressing the first lever 
warmed the water perfusing the spinal thermode. Depressing 
the second lever cooled it. When no lever was depressed 
water at the rat’s body temperature circulated in the ther- 
mode. Nine rats served in this experiment. Each rat was 
placed for 90 min sessions at environmental temperatures of 
10°C, 20°C and 35°C, 30 min each. In order to cancel out the 
influence of environmental temperature sequence, in half the 
sessions the sequence was reversed: 35°C, 20°C and 10°C. 


RESULTS AND DISCUSSION 


In a warm environment, 20 experiments were performed 
on 9 rats whose spinal temperature was maintained at be- 
tween 37.6 and 38.8°C. In a cool environment 20 experiments 
were performed on 9 rats whose spinal temperature was 
maintained at between 37.7 and 39.6°C. In a cold environ- 
ment 13 experiments were performed on 8 rats whose spinal 
temperature was maintained at between 37.6 and 38.8°C. 

Figure 6 gives an example of a sequence where the exper- 
imental sequence started at 35°C T, and was then cooled to 
20 and 10°C. The change in ambient temperature was rapidly 
obtained by adding ice in the chamber wall. In sessions 
where T, was raised equally rapid increase was obtained by 
adding hot water in the wall of the climatic chamber. 

Figure 7 shows the mean time spent pressing the lever by 
the group of rats. This figure shows that the rats bar-pressed 
a significant length of time in hot environment and little time 
in cold environment. The rats pressed on both levers, alter- 
natively. Each press lasted 20 sec to 1 min and produced 
thermode temperature changes extending to 26°C and to 
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FIG. 6. Sample of thermode temperature recorded under various 
conditions. T,,: temperature of the water perfusing the spinal ther- 
mode. Data correspond to bar-pressing for cold and warm spinal 
rewards. The graph shows the fall and subsequent rise of Ty 
measured, but it does not show at what precise moment the rat 
pressed the warming lever. This is obtained from the counters (see 
Fig. 1). The spinal thermode was perfused with water at the rat’s 
body temperature. 


43°C. The latency for a temperature change after a press was 
between 10 and 15 sec. 

When in the hot environment a rat sometimes did not use 
either lever. If it started to use one, it usually immediately 
switched to the other, then came back to the first, and so on 
as long as the environment remained hot. As a result the time 
spent on both levers was comparable, as seen in Fig. 7. 

The increase of both responses at higher T, (Fig. 7) may 
suggest that bar-pressing could reflect a higher activity at 
high T,, the response would thus be non specific. This is 
unlikely because the time spent bar-pressing seemed to be 
adjusted not only to ambient temperature, but also to spinal 
stimulus temperature. Such adjustment is evident in Figs. 3 
and 5 (results of Experiments I and II). 

The result of Experiment III confirms the results of both 
Experiment I and II. Since the rats bar-pressed alternately 
on warming and cooling levers in hot environment only, they 
produced, simultaneously, both the results of Experiment I 
and Experiment II. This behavior suggests that a conscious 
signal was perceived by the rat only when it started pressing 
one lever and was then condemned to run from the one to the 
other in order to correct the warm and cold spinal signals 
alternately. 
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FIG. 7. Mean results of Experiment III. The rats could both self 
warm and self cool the water perfusing their spinal thermode. Col- 
umns show the mean time (+S.E.) spent pressing the levers at three 
different ambient temperatures (T,,). When the rat did not press the 
lever, water at its own body temperature was perfused in the ther- 
mode. 


GENERAL DISCUSSION 

When a rat bar-presses to modify its own spinal tempera- 
ture, three explanations of this behavior are possible: (1) the 
reward lies in the spinal canal, i.e., there is a sensation 
aroused from the spinal cord or its vicinity. (2) the reward 
originates from a modified skin sensation. Cutaneous affer- 
ent thermoreceptors travel in the spinal cord, a modified 
spinal temperature could modify the afferent message. (3) a 
thermal spinal stimulus arouses themoregulatory (and 
perhaps non thermoregulatory) autonomic responses, which 
could be rewarding in themselves or in modifying body tem- 
peratures in a direction opposite to the spinal stimulus. 

Let us look at the results on this basis. Self cooling of the 
spinal canal by the rats (Experiment I) confirms the exist- 
ence of a warm sensitivity arousing autonomic and behav- 
ioral responses. Figure 3 shows that a warm skin tempera- 
ture increased the spinal cooling, i.e., spinal and skin tem- 
peratures would have an influence of the same nature. Thus 
it is not impossible that this behavior conforms to the first of 
the 3 possibilities listed above. 

The results of Experiment II show that rats corrected 
their spinal low temperature only at high environmental tem- 
perature, and this confirms preliminary results obtained in 
one dog [7]. Thus warm skin temperature was necessary, as 
if it was possible for a cold sensitivity of the spinal cord to 
exist only when the skin is warm. This would suggest that 
this sensitivity could conform to the second of the three 
hypothesis listed above. 

The main results of Experiment III confirm the results of 
both Experiment I and Experiment II at the same time. In 
addition, the fact that the same hot environment was able to 
arouse both self spinal cooling and self spinal warming simul- 
taneously confirms the hypothesis that the rewards obtained 
were of different nature. 
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HORN, I. AND E. HORN. The influence of ACTH fragments on habituation of the prey catching behaviour in the 
European toad (Bufo bufo L.). PHYSIOL. BEHAV. 28(3) 497-500, 1982.—Earlier observations on the influence of the 
ACTH molecule on habituation in toads revealed a capacity, which resembles the improvement of learning and memory 
processes in rats [6]. In the present investigation ACTH, ACTH,_,, and ACTH,,_., were tested on habituation of turning 
reaction, a stereotypic component of the prey catching behaviour in the European Toad, Bufo bufo L.. Furthermore the time 
relationship of the ACTH-effect was determined by injections at different times prior to the beginning of the habituation 
ACTH as well as ACTH,_,, caused a dramatic decline in turning reactions per minute towards a prey dummy, when 
administered 30 min prior to habituation. Therefore, the capacity to facilitate behavioral adaptations must be located 


mainly in the first ten amino acids of ACTH. 


ACTH 


Amphibians Bufo bufo 


THE influence of pituitary hormones on learning and mem- 
ory processes has been studied in several mammalian spe- 
cies and in various learning situations [1,9]. Studies concern- 
ing the role of these hormones in habituation, however, are 
scarce [3,7], although habituation is a behavioural process of 
fundamental biological relevance. Behaviour patterns of 
flight, predation and exploration, in particular, include 
adaptive elements which permit adjustment through experi- 
ence, when the consummatory act is inhibited or repeatedly 
unsuccessful. In the European Toad, Bufo bufo L., the turn- 
ing reaction towards the prey is an adaptive component of 
the prey catching behaviour, which can easily be habituated 
{2, 4, 6]; furthermore, the habituation process as well as the 
phase of recovery can be influenced by ACTH in a selective 
manner [6]. In order to elucidate, whether this influence is 
due to neurogenic activity of the ACTH molecule, the fol- 
lowing experiments were performed with ACTH,_,, and 
ACTH ,,-.4. Additionally, the time relationship of the 
ACTH-effect of habituation was studied. 


METHOD AND RESULTS 


For habituation toads, sitting in the center of an arena, 
were presented with a worm-like prey dummy, which rotated 
around them for two hours continuously. Normally, the toad 
tries to follow the moving prey dummy with turning reac- 


ACTH fragments 


Habituation Prey catching behaviour 


tions. The waning of the response is reflected in the number 
of turning reactions per min (RB/min; for details see [6)]). 
ACTH induces a faster waning of the response, when in- 
jected 20 min prior to habituation. This has to be interpreted 
as a behavioural adaptation in the sense of improved learning 
[6]. To determine the time relationship of the ACTH-effect 
on habituation, | I.U. ACTH (Acethropan, Hoechst) dis- 
solved in 0.2 ml Ringer solution, was injected into the dorsal 
lymph sac at different times prior to the beginning of the test. 
The waning of the response is strengthened by ACTH, when 
the hormone is injected 30 min prior to habituation, whereas 
injection | min, 10 min and 20 min prior to habituation has no 
behavioural effect. A weak stimulatory effect is even detect- 
able after injection 60 min prior to habituation (Fig. |, Table 
| (a)). Regarding our former results it can be concluded that 
the neural events responsible for such adaptations are built 
up during a period of 20-30 min. 

Therefore, the ACTH fragments were injected 30 min 
prior to habituation. Under these conditons ACTH,_,, in a 
dosage of 1 yg/0.2 ml Ringer solution causes a dramatic de- 
cline in turning reactions per min (RB/min) during the first 
ten minutes of the habituation process. The time course is 
similar to that after ACTH treatment. The effect is highly 
significant compared with the time course in Ringer treated 
toads. The time course after treatment with ACTH,,_., re- 
sembles the reaction of Ringer treated toads (Fig. 2, Table | 
(b)). 
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FIG. 1. Time relationship of the ACTH-effect on the habituation of the turning reaction (RB) during prey catching. The dots outside the 
co-ordinate represent the mean turning activity of the experimental animals just before injection. 1 1.U. ACTH was injected 1, 10, 20, 30 and 


60 min prior to habituation. n=number of animals. 
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FIG. 2. The effect of ACTH, _,) and ACTH,,_,, on the habituation of the turning reaction (RB) during prey 
catching, when injected 30 min prior to habituation. The dots outside the co-ordinate represents the mean 
turning activity of the toads just before injection. Dosages: 1 I.U. ACTH, 10 wg ACTH,_,, 10 ug 
ACTH,,-»;. n=number of animals. 


TABLE | 
LEVELS OF SIGNIFICANCE BY USE OF MANN-WHITNEY U-TEST 





(a) 


Time course of Ringer-ACTH Ringer-ACTH 
habituation (min) (30 min) (60 min) 





5 <0.05 =0.05 
10 <0.01 0.005 
20 0.05 0.05 


(b) 


Time course of 
habituation (min) Ringer-ACTH Ringer-ACTH,_ ;» 





5 <0.025 0.01 
10 <0.001 0.001 
20 <0.01 0.025 





(a) Differences between the influence of ACTH-administration 30 
min and 60 min prior to habituation and (b) for the administration of 
ACTH and ACTH,_,, all compared with ringer-treated animals 
Number of animals see Figs. | and 2. 


DISCUSSION tion in the European Toad supports the view that in general 
ACTH,_,) has no steroidogenic activity when tested in the main amino acid sequence responsible for behavioural 
mammals [5]; therefore, this peptide should exert a direct modifications is located in this fragment. 
action on the CNS, which leads to behavioural adaptations. 
ACTH,_,» delays extinction of a conditioned avoidance re- ACKNOWLEDGEMENT 
sponse in rats [8], and the same is valid for dogfish a-MSH, 
which is ACTH, _,,; [10]. The effect of ACTH,_,, on habitua- 
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HARLOW, H. J.,D. K. DARNELL AND J. A. PHILLIPS. Pinealectomy in ground squirrels: Effect on behavioral and 
physiological responses to heat stress. PHYSIOL. BEHAV. 28(3) 501-504, 1982.—Richardson’s ground squirrels, | year 
after pinealectomy, showed altered behavioral and physiological responses to heat stress when compared to an intact 
group. Pinealectomized squirrels bar-pressed more often for a cool temperature reward in a hot environment. When 
deprived of behavioral control of the hot environment, pinealectomized squirrels increased their oxygen consumption, had 
a higher body temperature, and displayed signs of greater thermal stress, including death, as compared to intact animals 
When the intact group was pinealectomized and the experiments were repeated, the difference in behavioral and physiolog- 
ical responses to heat stress were not as great as with the | year pinealectomized group. A speculative explanation of the 
pineal gland’s influence on central and peripheral control of evaporative water loss and peripheral blood circulation are 
offered. The pineal gland may exert a subtle influence on heat transfer mechanisms and adaptations to thermal stress 

Thermoregulation Pinealectomy Hypothalamus Heat stress 


Ground squirrel Pineal gland 


Thermal stress 


The pineal gland has been implicated in the stabilization and 
maintenance of a number of physiological processes [26]. For 
example, implantation of melatonin (an indoleamide product of 
the pineal gland) into the mammalian brain causes a synchroni- 
zation of electrical activity of various parts of the brain [13] and 
enhances sleep [2], while pinealectomy disrupts sleep [16]. The 
pineal complex has also been implicated in the protection re- 
sponses of mammals against generalized stress, including 
thermal stress [14, 15, 26]. Ralph [20] and Quay [19] have 
summarized data which suggest that animals subjected to 
greater environmental thermal stress and demands for regulat- 
ory adaptations tend to have larger or more complex pineal 
glands. It is possible that larger pineal glands are required by 
these animals as part of a mechanism for tolerating widely 
fluctuating thermal enviroments [22]. 

In nature the Richardson's ground squirrel, Spermophilus 
richardsonii elegans , is exposed to annual cycles of tempera- 
ture extremes. During the summer months these squirrels 
bask in open meadows with high incident radiation, while 
during the winter they experience cold environments typical 
of hibernators, with burrow temperatures near 0°C. The 
melatonin content of the pineal gland of the Richardson’s 
ground squirrel is about 6000 pg/gland, one of the highest 
titers recorded for vertebrates [23]. The combination of ex- 
posure to a thermally heterogenous environment and the 
possession of a very active pineal complex make this animal 
a useful subject for evaluating the hypothesis of Ralph [22 
and Miline [14] that the pineal gland may be involved in 





homeostatic mechanisms associated with thermal tolerance 
and adaptation to temperature stress. It was, therefore, the 
purpose of this study to investigate the effect of pinealec- 
tomy on behavioral and physiological responses of the 
Richardson’s ground squirrel to heat stress. 


METHOD 
Animals 


Richardson’s ground squirrels were trapped during 
August and September, 1979, in Larimer County, Colorado 
(40° N, 106° W) at approximately 2,400 m elevation. Squir- 
rels were surgically manipulated and then individually 
housed for 10 months in 25x25x40 cm cages in which 
adequate bedding material was provided. Laboratory chow 
(Lab-Blox, Wayne Laboratories), sunflower seeds and water 
were available ad lib. 


Surgery 


Fourteen squirrels were randomly divided into two 
groups of seven: pinealectomized and intact. Pinealectomy 
was performed by removing a bone disc (4.0 mm diameter) 
overlying the pineal gland [7]. Hooked jeweler’s forceps 
were inserted through a small hole made in the meninges at 
the confluence of the cerebral blood sinuses and the pineal 
gland and pineal stalk were removed intact. The hole was 
covered with sterile bone wax and the incision was closed by 


'Present address: Department of Zoology and Physiology, University of Wyoming, Laramie, WY 82071. 
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FIG. 1. Operant conditioning bar-press apparatus used for measur- 
ing behavioral avoidance of hot environmental temperatures. De- 
pression of the bar provided a 6 sec reward of cold air to the animal 
in an otherwise hot environment. 


sutures [6]. Intact and pinealectomized squirrels were main- 
tained in the laboratory under a simulated natural photo- 
period (40° N) and temperature (9°-25° C) until June fol- 
lowed by the experimental period. At the conclusion of the 
studies using both intact and pinealectomized squirrels, the 
intact group was pinealectomized (as above) and the experi- 
ments were repeated. 


Operant Conditioning Apparatus 


A bar-press apparatus was constructed to provide a cold 
air reward in an otherwise hot environment (Fig. 1). The 
apparatus consisted of a Plexiglas cylinder (23 cm diameter 
x 32 cm high) with a hardware cloth floor. The top was fitted 
with a sealed lid containing two ports, one connected to a 
1400 watt hot air blower and the other to a cold air blower. 
The entire apparatus was located in an environmental 
chamber (Warren-Sherer) kept at 10°+1°C. Air exited the 
cage from a duct at the bottom and was removed from the 
environmental chamber via an exhaust fan. A 5 cm Plexiglas 
lever protruded into the cage, 2 cm above the floor. Depres- 
sion of the lever turned off the hot air blower (50°C) and 
simultaneously turned on the cold air blower, pushing cold 
air (10°C) from the environmental chamber across the 
animal, for a duration of 6 sec. Responses made while the 
cold air blower was activated neither prolonged the ongoing 
reinforcement nor provided subsequent reinforcement. 


Shaping 


Individual squirrels were placed in the chamber for 30 min 
periods between 0900 and 1400 MST each day. If, at the end 
of 10 min, a squirrel had not pressed the bar to reduce the 
heat, the experimentor manually rewarded the animal with a 
bar-press when it approached the bar. This continued until 
the number of bar-presses performed in 30 min no longer 
increased. Generally, 6 days was sufficient for a plateau to 
occur, after which the number of bar-presses was recorded 
daily during an additional five successive days for each 
squirrel. 


Bar-Press Treatment 


Animal testing was done on seven pinealectomized and 
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seven intact squirrels. Pre-session and post-session body 
temperatures and the total number of bar presses were re- 
corded for both groups. Rectal temperatures were measured 
by a Schulthesis rapid read thermometer. It might be argued 
that pinealectomy may simply alter the general activity of the 
squirrels and not reflect a true thermoregulatory response. 
However, this would be inconsistent with the many studies 
which have shown no correlation between the presence of a 
pineal gland and wheel running or bar-pressing behaviors 
under diel photoperiods [18, 21, 24, 25]. 


Response to Thermal Stress 


Thermal tolerance of each group was evaluated by 
measuring the body temperature change and average oxygen 
consumption (VO,) over a 30 min period while the animals 
were subjected to an ambient temperature of 43°C. Initial 
body temperatures were measured as before and the animals 
placed in a | liter respirometer with an air turnover rate of 
1.5 l/min. Oxygen content of air leaving the respirometer 
was measured paramagnetically (Beckman G-2 oxygen 
analyzer) and the animal’s VO, calculated by equation #10 
of Depocas and Hart [3]. Body temperatures were again 
measured after the 30 min exposure to 43°C. 


Statistics 


Analysis of repeated observations was by one-way 


ANOVA. 


RESULTS 


After 10 months under simulated natural photoperiod and 
temperature, pinealectomized and intact squirrels were: (1) 
approximately the same body mass (311+SEM 36 and 
340+SEM 45, respectively), (2) in a similar state of gonadal 
regression and (3) in a ‘‘stable’’ homeothermic phase of their 
circadian cycle. 

Both intact and pinealectomized squirrels showed an ir- 
regular number of bar presses per 30 minute session until the 
sixth day when the learning curve reached a plateau. During 
the five consecutive days after full establishment of the op- 
erant behavior, the pinealectomized animals bar-pressed a 
significantly greater number of times (9 <0.05) in response to 
heat stress when compared to intact animals (Fig. 2). As a 
result of the increased bar-pressing activity, pinealectomized 
squirrels were able to reduce the mean environmental tem- 
perature by several degrees. Body temperatures of intact and 
pinealectomized groups were not significantly different 
either before or after bar-press sessions, during which both 
groups underwent an approximate 3°C hyperthermia (Table 
1). Oxygen consumption (VO,) was not significantly differ- 
ent between the two groups at 23°C (Table 1); however, at 
43°C pinealectomized squirrels had a significantly (p<0.05) 
higher VO, (Table 2). In addition, at the end of 30 min at 
43°C, the pinealectomized group had a significantly higher 
(p<0.05) body temperature than intact squirrels (Table 2) 
and showed increased signs of thermal stress by spending 
more time either licking or flattened at the bottom of the 
cage. Three of seven pinealectomized squirrels became 
comatose during the 30 min session at 43°C and died within 7 
hr, whereas none of the intact animals showed signs of phys- 
iological dysfunction and all survived. 

At the termination of this experiment the intact group 
(n=7) was pinealectomized, but three of these squirrels died 
during surgery. Both body temperature and oxygen con- 
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FIG. 2. The number of bar-presses per 30 min interval for a cold air 
reward by seven intact and seven pinealectomized Richardson's 
ground squirrels. Vertical lines represent the range, horizontal lines 
the mean, and shaded rectangles +2 SEM. 


TABLE | 


OXYGEN CONSUMPTION (cc/g/hr) AT 23°C AND RECTAL 
TEMPERATURE (°C) BEFORE AND IMMEDIATELY AFTER A 30 MIN 
BAR-PRESSING SESSION FOR SEVEN INTACT AND SEVEN 
PINEALECTOMIZED (PX) RICHARDSON’S GROUND SQUIRRELS 





Treat- 
ment 


vo, 


(cc/g/hr) Pre-session T), Post-session T), 





40.5 (1.0) 
40.4 (0.8) 


37.1 (0.9) 
37.2 (0.8) 


Intact 1.037 (0.269) 
PX 1.004 (0.194) 





Values represent mean (+2 SEM). 


sumption of the remaining four squirrels was unchanged at 
23°C following pinealectomy. Three of the four squirrels 
significantly (9<0.05) increased the number of bar-presses 
performed in 30 min compared to their previous record while 
the fourth squirrel failed to show any change. In addition, 
oxygen consumption and body temperature of these four 
pinealectomized squirrels was elevated above their previous 
values when exposed to 43°C; however, the increase was not 
significant. 


DISCUSSION 


Historically, there have been two opposing views regard- 
ing the pathophysiology of heatstroke. First, that heat causes 
direct thermal injury to thermoregulatory centers of the brain 
which result in failure of evaporative water loss and thermo- 
regulatory control [12] or, alternately, that heatstroke results 
from circulatory failure [1]. 

In reference to the first hypothesis, one of the main ave- 
nues of heat loss by small mammals exposed to high ambient 
temperatures is through salivary evaporative water loss 
which is under hypothalamic control [27]. The pineal gland 
has been implicated in influencing hypothalamic regulation 
of water loss, for Wenger ef al. [28] showed that at night, 
when melatonin concentrations are elevated, the threshold 
for evaporative water loss is lowered. In addition, pinealec- 
tomy induces a hypertensive state [8] similar in many re- 
spects to spontaneously hypertensive rats which show de- 
creased total body water and rates of evaporation [29]. It is, 
therefore possible that pinealectomy reduced the heat 
tolerance by squirrels in our study through impairment of 
their evaporative cooling mechanisms. 

An alternative explanation may be that the pineal organ 
influences thermoregulation by affecting other hypothalamic 
centers. For example, heat tolerance may be affected by the 
pineal’s action on hypothalamic vasomotor mechanisms [8, 
9, 31] and hydromineral balance [4,11]. It is also possible that 
pineal gland secretions may influence heat transfer through a 
direct, humoral action on arterioles rather than stimulating a 
hypothalamic response. However, studies in our laboratory 
failed to show an immediate change in blood velocity, heart 
rate or ear temperature of rats in response to peripherally 
administered melatonin or pineal extract (Harlow ef a/., in 
preparation). Therefore, a direct humoral control by the 
pineal gland on cutaneous arteriolses is doubtful. 

That pinealectomy of the intact group did not produce as 
marked a change in oxygen consumption or body tempera- 
ture response to heat stress one week after surgery as com- 
pared to one year after surgery suggests that the pineal gland 


TABLE 2 


OXYGEN CONSUMPTION (cc/g/hr) AT 43°C AND RECTAL TEMPERATURE (°C) BEFORE 
AND IMMEDIATELY AFTER 30 MIN IN A RESPIROMETER AT 43°C FOR SEVEN 
INTACT AND SEVEN PINEALECTOMIZED (PX) 

RICHARDSON’S GROUND SQUIRRELS 





Treatment VO, (cc/g/hr) 


Pre-session T), 


Post-session T,, Deaths 





Intact 0.991 (0.179) 
PX 1.448 (0.320) 


37.1 (0.6) 
37.1 (0.8) 


41.2 (0.7) 
42.8 (0.8) 





Values represent mean (+2 SEM). Thermal deaths are represented as the number 


of individuals per group. 
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has a slower acting humoral effect on thermal homeostasis. 
Other studies also indicate that some effects of pinealectomy 
may not be immediately apparent. For example, 1 month 
after pinealectomy, the secretion rate of aldosterone was 
significantly elevated in rats [10]. Excess secretion of aldos- 
terone usually causes marked hypertension as a result of 
increased cardiac output and compensatory peripheral vas- 
oconstriction [5,9]. Pinealectomy may eliminate an 


aldosterone-inhibition mechanism [26], thereby causing a 
subtle increase in vascular resistance with a consequent re- 
duced ability to dissipate heat. This also apprears to be true 
for spontaneously hypertensive rats [17] which have a lower 
heat tolerance than normotensive rats [29,30]. The effects of 
elevated aldosterone on osmotic imbalance and consequent 
changes in vascular resistance as a result of pinealectomy 
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may, therefore, occure gradully and may not be reflected in 
our recently pinealectomized group. Further studies are in 
progress to distinguish if a progressive reduction in thermo- 
regulatory capacity occurs in animals after pinealectomy. 
The possibility that the pineal gland exerts its action via a 
hypothalamic stimulation is also being tested by monitoring 
cardiovascular parameters during the central administration 
of pineal compounds into the hypothalamus. 
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KULKOSKY, P. J., J. GIBBS AND G. P. SMITH. Behavioral effects of bombesin administration in rats. PHYSIOL. 
BEHAV 28(3) 505-512, 1982.—Bombesin (BBS, 0.1-4.0 ug) administered to the lateral cerebral ventricle (IVT) of rats 
decreased food intake and feeding behavior. Grooming behavior increased and resting behavior decreased at doses =0.01 
ug. IVT BBS (4.0 wg) caused greater suppression of food-deprivation-induced food intake and feeding behavior than the 
same dose and volume administered intraperitoneally (IP). After IVT BBS, rats displayed more grooming and less resting 
than normal, but after IP BBS, rats displayed a normal frequency of grooming and more resting. IVT BBS (=0.01 yg) also 
decreased drinking behavior, and drinking-associated feeding, and suppressed (=0.1 ug) water-deprivation-induced water 
intake. When neither food nor water was present, non-deprived rats displayed increased grooming and decreased resting 
after IVT BBS (1.0 ug). The results show that IVT BBS inhibits feeding markedly, but the inhibition of feeding by 1VT BBS 
does not resemble normal satiety or the effect of IP BBS because the central inhibition of feeding is always accompanied by 
excessive grooming and little resting. Furthermore, since IVT BBS decreases drinking at a dose lower than that required to 
reduce food intake, and IP BBS does not, the specific satiety effect of IP BBS on feeding cannot be mediated solely by 


increasing bombesin in the cerebrospinal fluid. 


Bombesin Feeding Drinking Grooming 


Rat Satiety 


BOMBESIN (BBS) is a tetradecapeptide isolated from am- 
phibian skin {1} that has a wide spectrum of pharmacological 
effects in mammals (for reviews, see [11, 16, 41, 42, 55]). 
Bombesin-like immunoreactivity and bombesin receptor 
binding sites are widely distributed in mammalian viscera 
and central nervous system [9, 43, 47]. In addition to its 
many somatic actions, bombesin also has potent behavioral 
effects. Peripherally-injected bombesin suppresses food- 
deprivation-induced [19, 34, 35, 51, 56], tail-pinch-elicited 
[44] and sham feeding [38] in normal and obese [39] rats and 
deprivation-induced feeding in normal and obese mice [40]. 
Peripheral BBS does not, however, inhibit IVT muscimol- 
induced feeding in rats [45]. The inhibition of feeding by 
peripheral BBS is followed by a normal behavioral sequence 
of satiety [2, 20, 34], and it is not accompanied by noticeable 
toxic effects or alterations of body temperature [19], al- 
though it may be antagonized by diazepam [59]. Doses of 
BBS that significantly inhibit food intake do not inhibit water 
intake [19,34] and do not provide effective stimulation for the 
formation of a conditioned taste aversion [35]. The appar- 
ently specific inhibitory effect of peripheral bombesin on 
feeding, coupled with the finding of a sharp rise of BBS-like 
immunoreactivity in plasma after a meal ({11,17] and 
Erspamer, personal communication) supports the hypothesis 
that a bombesin-like peptide from the gut may act as an 
endogenous factor in the meal-related, preabsorptive induc- 
tion of postprandial satiety [19,38). 


Resting 


Cerebrospinal fluid Route of administration 


Recently, the behavioral effects of bombesin adminis- 
tered to the central nervous system have been reported. 
These include alteration of behavioral thermoregulation [3], 
naloxone-resistant antinociception and locomotion stimula- 
tion [47], feeding reduction [26, 44, 52, 56], excessive groom- 
ing [25], and drinking reduction [13] in rats, naloxone- 
irreversible excessive grooming in mice [31], feeding reduc- 
tion in sheep [4], and drinking stimulation in birds [13]. 

Although this variety of behavioral effects has been 
demonstrated with central and peripheral bombesin, little is 
known about the loci of action or the underlying physiolog- 
ical correlates of these effects. Comparisons of the efficacies 
and elicited response profiles of different routes of adminis- 
tration of peptides may provide clues to their modes and loci 
of action. For example, intracerebroventricular administra- 
tion may provide preliminary indications of the contribution 
of periventricular structures to observed peptide-elicited re- 
sponses [14,49]. 

In the following experiments, the behavioral effects of 
intracerebroventricular administration of a range of doses of 
synthetic bombesin were examined and contrasted with the 
reported behavioral effects of peripheral bombesin adminis- 
tration. The purpose of these experiments was to provide 
data useful for the elucidation of the site and mode of action 
of systemically-administered bombesin and endogenous 
bombesin-like peptide in the modulation of rat appetitive be- 
havior. 
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EXPERIMENT | 


The aim of this experiment was to determine the effects of 
a series of doses of intraventricular bombesin on depriva- 
tion-induced food intake and meal-associated behaviors in 
the rat. 


METHOD 


Animals 


Animals were 5 experimentally naive, male Sprague- 
Dawley rats (Hormone Assay Laboratories, Inc.), weighing 
approximately 300 g when individually housed in wire-mesh 
stainless steel cages. The rats were maintained on a 12:12 
L:D lighting cycle (8 a.m.-8 p.m. light) at an ambient tem- 
perature of approximately 25°C, and had ad lib access to 
Ralston Purina Rodent Laboratory Chow (5001) and de- 
ionized water unless otherwise specified. 


Apparatus 


In front of each cage were 2 openings into which cali- 
brated 50 ml (Nalgene) or 100 ml (Wahmann) tubes fitted 
with stainless steel spouts were placed for measurement of 
either deionized water or 25% v/v liquid diet (Gibco 116 
E.C., 1.0 kcal/ml) consumption to the nearest 1.0 ml. 


Surgery 


Following at least 3 weeks of habituation to the testing 
environment, each rat was anesthetized with Chloropent (3 
ml/kg, IP, Fort Dodge Laboratories, Inc.) and placed in a 
stereotaxic apparatus. A stainless steel cannula was inserted 
into the left lateral ventricle and cemented to the skull as 
previously described [33]. Animals were allowed at least 1 
week of recovery before initiation of experimental proce- 
dure. 


Procedure 


All animals (N=5) were deprived of food (4:00 p.m.) but 
water remained ad lib. At 10:00 a.m. on the next day, rats 
were given 30-min access to one tube of 25% liquid diet and 
one tube of water. Relative positions of fluids were alter- 
nated daily. Access to solid food was again given from 11:30 
a.m.—4:00 p.m. This procedure was repeated for 5 days at 
which point all rats were approaching and consuming liquid 
diet within 2 sec of presentation, and food intakes did not 
differ significantly from that of the previous day (by corre- 
lated t-test) for 3 consecutive days. On Day 6, each rat re- 
ceived a 10 wl intracerebroventricular (IVT) injection of 
‘‘artificial cerebrospinal fluid’’ (CSF, [46]) 15 min prior to 
food access. On following days, IVT injections of bombesin 
(synthetic, lot 82-22-30) dissolved in CSF were given at —15 
min at successive doses of 0.001, 0.01, 0.1, 1.0, 2.0, and 4.0 
ug/10 wl. No-injection recovery days were given between 
doses. 

During each feeding test, behaviors of each rat were sys- 
tematically observed, classified, and recorded once each 
minute during a predetermined, programmed-tone-cued 0.6 
sec interval, with a fixed 1l-min inter-observation interval. 
The categories of behavior recorded have been described 
previously [2,20] and included: feeding, drinking, grooming, 
resting, locomotion, rearing, sniffing, licking, standing, uri- 
nation, defecation, stretching, yawning, treading, head and 
body shaking, coprophagia, miscellaneous other behaviors, 
and an ‘‘unidentified’’ category. The inter-rater and test-test 
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FIG. 1. Mean (+SEM) liquid diet consumption by rats after IVT 
bombesin as a function of bombesin dose. 


reliability of this observational sampling system has been 
previously described [20]. Data were expressed as percent- 
age of the total number of observations for each category (cf. 
[48]). Several low percentage categories were combined into 
a single ‘‘others’’ category to simplify analyses. 

At the conclusion of this testing series, and in all subse- 
quent experiments, an IVT injection of 0.1 ywg/l0 wl 
angiotensin II (synthetic, 5-isoleucine form, Calbiochem Be- 
hring Co., lot 001900) was given to each rat during ad lib food 
and water access to verify behaviorally the ventricular 
placement of cannula tip by the rapid elicitation of drinking 
in reference to CSF-alone and no-injection treatments (cf. 
[37,50]). Latencies to drink and total amounts consumed at 
30 min were recorded. Subsequent to this test, each rat re- 
ceived an IVT injection of 10 ul of cresyl violet acetate stain 
(Baker reagent) and was immediately sacrificed with an 
overdose of Chloropent. After perfusion with saline followed 
by Formalin, the brain was promptly removed and dissected 
to determine anatomically the ventricular placement of can- 
nula tip. 

Data were analyzed with 2-way analyses of variance (with 
Duncan’s multiple range test) and correlated f-tests (2- 
tailed), with p<0.05 as significant. 


RESULTS 


Food consumption as a function of dose of bombesin (in 
pug/10 pl) is presented in Fig. 1. There was no significant 
effect of CSF-alone injection relative to the previous no- 
injection day, t(4)=0.34, p>0.05. The effect of bombesin 
dose on food intake was significant, F(6,24)=59.1, p<0.05. 
Food intakes after all doses =0.1 ug were significantly lower 
than that after 0.0 wg. Individual water intakes never ex- 
ceeded 2 ml. 

Percentage of total observations made in the categories of 
feeding, grooming, resting, and all other categories com- 
bined (‘‘others’’) as a function of IVT BBS dose is shown in 
Fig. 2. There was no significant effect of CSF-alone injection 
relative to the last day of baseline in any category of behav- 
ior, all ts<2.27, dfs=4, ps>0.0S5. 
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FIG. 2. Mean (+SEM) percentage of total observations of feeding, 
grooming, resting, and all other categories combined for rats as a 
function of IVT bombesin dose. 


Percentage of total observations as feeding differed signif- 
icantly across IVT bombesin doses, F(6,24)=35.0, p<0.05. 
As with food intakes, observations of feeding were signifi- 
cantly lower than that after CSF-alone at all doses =0.1 ug. 
Percentage of observations as grooming differed significantly 
as a function of IVT bombesin dose, F(6,24)=47.7, p<0.05. 
Observations of grooming were greatly increased relative to 
CSF-alone at all doses =0.01 wg. Percentage of observations 
as resting differed significantly across bombesin doses, 
F(6,24)=8.0, p<0.05. Observations of resting were signifi- 
cantly decreased relative to CSF-alone at bombesin doses 
20.01 and <2.0 ug. Percentage of observations for all other 
categories combined also differed significantly across BBS 
doses, F(6,24)=4.0, p<0.05. Differences from CSF-alone in 
this combined class were observed at all doses =0.01 yg. 
Inspection of individual categories comprising the ‘‘others”’ 


class revealed decreases in both the sniffing and the standing 
categories. 

The above conclusions were unaltered by either arc sine 
transformation of the square root of the proportion of total 
observations for the data of each category, or by analysis of 
the raw number of counts or the square root of counts per 30 
min for each category of behavior. 

Thirty-min water intake after IVT angiotensin was 
9.0+2.4 ml (latency=43+31.4 sec). This intake differed 
significantly from both the intake after no injection, 0.5+0.3 
ml, and the intake after CSF-alone, 0.3+0.2 ml, F(2,8)=12.1, 
p<0.05. Dye substitution revealed that all cannula tips were 
in the lateral ventricle, with perfusion of the ventricular 
spaces as previously described |33]. 


DISCUSSION 


These data clearly show that intraventricular administra- 
tion of bombesin powerfully suppresses food-deprivation- 
induced food intake and feeding behavior. Feeding inhibition 
by IVT BBS occurs at a much lower (approx. 1/10) dose than 
previously reported for intraperitoneally administered BBS 
|19,34]. An identical central/peripheral threshold difference 
ratio has been reported for the effects of intraventricular and 
subcutaneous BBS on tail-pinch induced eating [44]. Al- 
though these findings might be compatible with a central, 
periventricular site of action for the feeding suppression ef- 
fect of peripherally administered bombesin (cf. |49]), the be- 
haviors that accompanied the feeding inhibition by IVT BBS 
do not appear to resemble either normal meal termination or 
the premature meal termination after intraperitoneal BBS. 
Specifically, a syndrome of vastly increased or ‘‘excessive”™’ 
grooming accompanied by decreased resting is already 


prominent at a dose of bombesin lower than that required to 
decrease deprivation-induced food intake. 


EXPERIMENT 2 


The aim of this experiment was to provide a direct con- 
trast of the feeding suppression effects of intraventricular 
and intraperitoneal administration of the same dose and vol- 
ume of bombesin. 


METHOD 


Animals 


Animals were 6 experimentally naive male rats, obtained, 
housed at the same weight, and maintained as described 
above. Each rat received an intraventricular cannula accord- 
ing to the above described procedure. 


Procedure 

All animals were placed on a feeding schedule as de- 
scribed above. Following stabilization of intakes (5 days), on 
Day 6 each rat received a 10 ul IVT injection of either CSF 
(N =3) or 4.0 ug/10 «wl synthetic bombesin dissolved in CSF 
(N=3) 15 min prior to food presentation. On the following 
Day 7, treatments were reversed, i.e., rats that received CSF 
on the first day received BBS, and vice versa. Following a 
no-injection recovery trial (Day 8, no significant difference 
from basal Day 5), on Days 9 and 10, rats received intraperi- 
toneal (IP) injections (10 yl) of 4.0 wg bombesin or CSF at 
—15 min according to the same crossover design. Behaviors 
were observed as described above. 
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FIG. 3. Mean (+SEM) liquid diet consumption by rats after intra- 
ventricular bombesin (4.0 ug/10 yl), intraventricular cerebrospinal 
fluid (10 yl), intraperitoneal bombesin (4.0 uwg/10 yl), and intraperi- 
toneal cerebrospinal fluid (10 yz). 


RESULTS 


Consumption of liquid diet after IVT bombesin, IVT 
CSF, IP BBS and IP CSF is shown in Fig. 3. Food intake 
differed across treatments, F(3,15)=26.5, p<0.05. Intakes 
after IVT BBS were lowest and differed significantly from 
every other treatment. Intakes after IP BBS differed signifi- 
cantly from intakes after IVT BBS and either CSF treatment. 
The CSF-alone treatments did not differ significantly. Individ- 
ual water intakes after all treatments never exceeded 1 ml. 

Percentage of total number of observations made during 
the 30-min feeding test in the categories of feeding, groom- 
ing, resting and all other categories combined (‘‘others’’) for 
the 4 treatments is shown in Fig. 4. Percentage of observa- 
tions as feeding differed significantly across treatments, 
F(3,15)=26.0 p<0.05. As with food intake, observations of 
feeding after IVT BBS were lowest and differed significantly 
from all other treatments. Percentage of observations as 
feeding after IP BBS also differed significantly from all other 
treatments and was higher than IVT BBS but lower than 
either CSF-alone treatment. The CSF-alone treatments did 
not differ significantly on this measure of feeding. Percent- 
age of total observations as grooming differed significantly 
across the treatments, F(3,15)=30.9, p<0.05. Observed 
grooming after [VT BBS was enormously increased relative 
to all other treatments, but grooming was only infrequently 
observed after all other treatments, which did not differ sig- 
nificantly. Percentage of observations as resting differed 
significantly across treatments, F(3,15)=14.9, p<0.05. Ob- 
served resting was lowest after [VT BBS and highest after IP 
BBS, and these treatments each differed significantly from 
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FIG. 4. Mean (+SEM) percentage of total observations of feeding, 
grooming, resting, and all other categories combined for rats after 
IVT BBS, IVT CSF, IP BBS, and IP CSF. 


all others. The CSF-alone treatments did not differ signifi- 
cantly. Percentage of observations for all ‘‘other’’ categories 
combined did not differ significantly across treatments, 
F(3,15)=0.8, p>0.05. Inspection of the individual categories 
comprising this combined class did not reveal any consistent 
differences. 

Mean (+SEM) water intake after IVT angiotensin was 
10.7+1.5 ml (latency = 17+1.2 sec), and dye substitution 
tests revealed ventricular placement of all cannula tips as 
described above. 
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DISCUSSION 


These data show that the feeding inhibition by IVT BBS is 
much greater than the suppression by the same dose and 
volume administered intraperitoneally. The degree of feed- 
ing decrement after IP BBS in the present experiment was 
consistent with previous demonstrations [19, 34, 35, 51, 56]. 
Although the feeding suppression by IVT BBS was again 
accompanied by excessive grooming and little resting, the 
food intake decrease produced by IP BBS was associated 
with a normal frequency of grooming and slightly increased 
resting. Thus, while the behavioral sequence of satiety [2,20] 
appeared intact after IP BBS, it was disrupted after IVT BBS 
and replaced with an excessive grooming syndrome. 


EXPERIMENT 3 


In the following experiment, the effects of IVT BBS on 
water-deprivation-induced water intake and associated be- 
haviors were studied to determine if the ingestion inhibition 
and grooming effects of IVT BBS are specific to induced 
feeding situations. 

Brief bouts of grooming typically follow ingestion and 
precede resting in the normal or peripheral gut peptide- 
induced behavioral sequence of satiety [2,7]. Conceivably, 
the present results might be interpreted as the inappropriate, 
specific activation of one fragment of the normal satiety se- 
quence in an atypical order, intensity and duration. It might 
be further argued that the abnormal properties of this groom- 
ing are due to an abnormal route, intensity or pattern of IVT 
BBS administration. In the following experiment, the behav- 
ioral effects of IVT BBS in the absence of food and water 
were examined in previously nondeprived rats to determine 
if any prior ingestive acts are required to elicit excessive 
grooming. 


METHOD 


Animals 


Animals were 6 experimentally naive male rats, obtained, 
housed at the same weight, and maintained as described 
above. Each rat received an intraventricular cannula as de- 
scribed above. 


Procedure 


Drinking tests. All rats were deprived of water (3:30 p.m.) 
and given ad lib access to pelleted chow. On the next day 
(3:00 p.m.), all rats were given 30-min access to water. Fol- 
lowing stabilization of intakes (7 days), on Day 8 each rat 
received a 10 ul IVT injection of CSF 15 min prior to water 
access. On following days, IVT injections of bombesin dis- 
solved in CSF were given at —15 min at successive doses of 
0.001, 0.01, 0.1, 1.0, 2.0, and 4.0 wg/10 ul. No-injection re- 
covery days were given between doses. Behavioral observa- 
tions during drinking tests were made as described above. 

Behaviors without food or water present. Following 
completion of drinking tests, all 6 rats received ad lib food 
and water. On the next day at 3:30 p.m., each rat received an 
IVT injection of 1.0 ug/10 ul bombesin in CSF and was re- 
turned to the home cage, now without access to food or 
water. Beginning at 15 min after injection and continuing for 
30 min, behavioral observations were made as described 
above. On a subsequent day, rats received a 10 ul IVT injec- 
tion of CSF alone and were observed in the same manner. 
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FIG. 5. Mean (+SEM) water consumption by rats after IVT 
bombesin as a function of bombesin dose. 


RESULTS 
Drinking Tests 


Water consumption as a function of dose of bombesin (in 
uwg/10 wl) is shown in Fig. 5. There was no significant effect 
of CSF-alone injection relative to the last no-injection day, 
t(5)=1.7, p>0.05. The effect of bombesin dose on water in- 
take was significant, F(6,30)=40.0, p<0.05. Water con- 
sumption after all doses =0.1 ug was significantly lower than 
that after 0.0 yg. 

Percentage of total observations in the categories of 
drinking, grooming, feeding, resting, and all other categories 
combined (‘‘others’’) as a function of IVT bombesin dose is 
shown in Fig. 6. Percentage of observations as drinking dif- 
fered significantly across IVT BBS doses, F(6,30)=28.2, 
p<0.05. Observations of drinking were significantly lower 
relative to CSF-alone at all doses =0.01 ug. Percentage of 
observations as grooming differed significantly across 
bombesin doses, F(6,30)=26.9, p<0.05. Observations of 
grooming were greatly increased relative to CSF-alone at all 
doses =0.01 ug. Percentage of observations as feeding dif- 
fered significantly across bombesin doses, F(6,30)=11.2, 
p<0.05. Observed feeding was significantly decreased at all 
BBS doses 20.01 yg, and totally eliminated at all doses 20.1 
pg. Percentage of total observations as both resting and the 
combined other categories did not differ significantly across 
IVT BBS doses, respective Fs(6,30)=1.0 and 2.4, ps>0.05. 


Behaviors Without Food or Water Present 


Percentage of total observations in the categories of 
grooming, resting, and all other categories combined 
(“‘others’’) after 1.0 wg IVT BBS and IVT CSF is shown in 
Fig. 7. Grooming after IVT BBS was again greatly elevated 
relative to IVT CSF, 1(5)=7.7, p<0.05. Resting after IVT 
BBS was greatly reduced relative to IVT CSF, 1(5)=5.6, 
p<0.05. There were no significant differences between 
treatments in either the combined ‘‘others’’ category, 
t(5)=0.8, p>0.05, or in any of the categories comprising this 
combined class. 
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FIG. 6. Mean (+SEM) percentage of total observations of drinking, 
grooming, feeding, resting, and all other categories combined as a 
function of IVT bombesin dose. 


Thirty-min water intake after IVT angiotensin was 
12.7+1.7 ml (latency = 45.7+13.4 sec), and dye substitution 
tests revealed ventricular placement of cannula tips as de- 
scribed above. 


DISCUSSION 


The strictly pharmacological nature of the present feeding 
suppression of IVT BBS is further indicated here by the 
strong, dose-equivalent inhibition of water deprivation- 
induced water intake and even more potent disruption of 
drinking behaviors. This non-specific grooming-accompa- 
nied inhibition of both feeding and drinking and rest- 
ing is in marked contrast to both the feeding-specific sup- 
pression by IP BBS [19,34] and the drinking stimulation by 
IVT BBS in avian species [13]. The potency of the feeding 
inhibition by IVT BBS is shown again here by the complete 
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FIG. 7. Mean (+SEM) percentage of total observations of grooming, 
resting, and all other categories combined after IVT bombesin (1.0 


ug/10 pl). 


elimination of the drinking-associated feeding behavior [32] 
that follows completion of drinking in water- but not food- 
deprived rats with access to hard, dry chow. 

These data show further that the grooming elicited by IVT 
BBS does not require prior ingestive acts for its display, and 
is actually highest in previously nondeprived rats when no 
food or water is present. Further, excessive grooming can be 
elicited without any changes in food intake, as at the lowest 
effective dose in Experiment | and after a range of doses of 
IVT caerulein [28]. 


GENERAL DISCUSSION 


The data of these experiments clearly demonstrate that 
intraventricular administration of bombesin powerfully sup- 
presses food-deprivation-induced liquid diet intake and feed- 
ing behavior as well as water-deprivation-induced water in- 
take, drinking behavior and drinking-associated feeding on 
solid diet. Periventricular structures modulate ingestive be- 
havior [53]. It has been suggested that the cerebrospinal fluid 
may provide a route for brain action of peripherally released 
peptides involved in the integrated regulation of ingestive 
responses (cf. [50,57]) and neuroendocrine secretion (e.g., 
[5, 14, 58]). Although the present findings and others [44] are 





BEHAVIORAL EFFECTS OF BOMBESIN IN RATS 


consistent with a central, periventricular site of action for the 
feeding suppression of systemically administered bombesin 
(cf. [49]), the behaviors that accompany the feeding inhibi- 
tion by IVT BBS are quite unlike those observed after nor- 
mal meal completion or the premature meal completion after 
IP BBS. That IVT BBS suppressed drinking as potently as 
feeding is another departure from the feeding-specific and 
normal-appearing satiety effect of IP BBS. 

A conspicuous behavioral alteration elicited by |1VT BBS 
in the present experiments is a syndrome of vastly increased 
or “‘excessive’’ grooming (and scratching) accompanied by 
decreased resting. This behavioral effect of IVT BBS is al- 
ready prominent at a dose of bombesin lower than those 
required to decrease deprivation-induced food intake. This 
greatly increased grooming preceded and accompanied all 
alterations of ingestive behavior, and occurred independ- 
ently of ingestive behaviors. 

High levels of grooming elicited by IVT BBS have been 
previously noted in mice [31] and rats [8, 10, 25]. Elevated 
grooming is a frequently reported behavioral effect of IVT 
administration of a number of substances, including peptides 
derived from lipotropic hormone: adrenocorticotropic hor- 
mone, melanocyte-stimulating hormone, and B-endorphin 


peptide [10]; substance P [30]; eledoisin [31]; morphine [22]; 
zinc [27]; and caerulein [28]. Bombesin-elicited grooming dif- 
fers from the well-documented grooming syndromes that ac- 
company IVT administration of structurally-specific lipo- 
tropin-derived peptides but is similar to the eledoisin 
and substance P grooming effects because IVT BBS-induced 
grooming is naloxone-irreversible [15, 22, 30, 31] and is not 
accompanied by increased yawning and stretching [18, 21, 
24, 27]. 

Despite extensive experimentation, IVT-induced exces- 
sive grooming has not been explained. It is thought to reflect 
the elicitation of either nonspecific or unexpected arousal via 
a ‘“‘displacement”’ process, or the specific activation of re- 
ceptors governing a complex motor pattern, or a shift in 
reactivity to stimuli (e.g., thermal) ordinarily controlling 
grooming (see [6, 7, 12, 15, 21, 23, 24, 29]). 

The disruption of physiological thermoregulation is 
prominent among the number of somatic effects of IVT 
bombesin administration [3,8]. Although cold- or heat- 
stressed rats exhibit poikilothermy after IVT BBS [54], body 
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temperature changes at room temperatures are minimal or 
nonsignificant [8,47]. Thus hypothermia is not a necessary 
concomitant of the behavioral changes observed in the pres- 
ent experiment. It has also been shown in adrenalectomized 
rats that hyperglycemia does not necessarily accompany 
IVT BBS inhibition of stress-induced eating [44]. The many 
other endocrine and autonomic alterations reportedly in- 
duced by IVT BBS in this dose range, however, preclude at 
present the dismissal or simple attribution of other physi- 
ological events in the provenance of IVT BBS-induced be- 
havioral changes. It is likely that the grooming observed 
after cerebroventricular administration of BBS reflects ac- 
tivation of areas separate from, or in addition to those that 
govern satiation. This possibility is strengthened by the ob- 
servation that application of BBS to discrete lateral hypotha- 
lamic loci reduces feeding without greatly increased groom- 
ing [52]. 

In summary, intraventricular bombesin administration in 
the nanogram range to rats potently suppresses feeding, 
drinking, and resting while robustly eliciting an excessive 
grooming syndrome. This non-specific inhibition of ingestive 
behaviors and resting by IVT BBS is strikingly different from 
normal satiety or the food-specific satiety induced by pe- 
ripherally administered bombesin. The data indicate that al- 
though the satiety effect of peripheral bombesin could reflect 
a direct central action, it cannot be mediated solely by a 
meal-contingent rapid augmentation of bombesin-like peptide 
in the cerebrospinal fluid perfusing periventricular struc- 
tures. The broad spectrum and potency of the behavioral 
effects of intraventricularly administered bombesin demon- 
strated here, and the wide distribution of bombesin-like im- 
munoreactivity and receptor sites in the mammalian brain 
suggest that endogenous bombesin-like peptide can mod- 
ulate a number of complex acts in the rat. 
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VAZQUEZ, M., P. B. PEARSON AND G. K. BEAUCHAMP. Flavor preferences in malnourished Mexican infants 
PHYSIOL. BEHAV. 28(3) 513-519, 1982.—Taste and flavor preferences were evaluated in malnourished (n= 113) and well 
nourished (n=87) Mexican infants tested between 2 and 24 months of age. Not all infants were tested in all conditions. The 
malnourished infants all suffered from second or third degree malnutrition (marasmus) and were tested 2—28 days after 
admission to a renutrition center. Well nourished control infants were tested at their own homes or neighbor's homes. In 
the first experiment, testing consisted of brief presentations of moderate concentrations of sucrose (sweet), NaCl (salty), 
citric acid (sour) and urea (bitter). Infants were allowed to ingest as much of the taste substances as they wished. Volume of 
taste solutions and diluent was determined and provided the data for comparisons between groups. In the second experi- 
ment, responses to casein hydrolysate and monosodium glutamate solutions were studied with soup serving as the diluent. 
The preferences of malnourished children for NaCl, citric acid and urea were not substantially different from those of the 
well nourished group. In sucrose tests, malnourished infants recently admitted to the renutrition center exhibited a 
depressed response. Malnourished infants ingested more casein hydrolysate and soup solution than soup alone. Control 
infants tended to respond in the opposite direction. All infants exhibited a preference for soup with MSG relative to plain 
soup. 


Infant taste Amino acids 


Taste Flavor Protein-calorie malnourishment 





TASTE and flavor play important roles in the regulation of 
food intake. Alterations in perception may result in nutri- 
tional deficiencies which may, in turn, alter the sensory sys- 
tems (see [13] for examples). Cabanac [5] has called attention 
to the dependence of hedonic judgments of sensory stimuli 
on immediate nutritional state. For example, individuals 
judge sweet solutions as more pleasant prior to compared 
with following a glucose load. In an organism which is in a 
chronic state of nutritional deficiency, one might also expect 
a concomitant heightened sensory response to substances 
that relieve the deficiency. Specifically, chronically calorie 
deficient organisms might manifest heightened responses to 
sweet taste [4,18]. 

Responses to other taste qualities may also be altered by 
chronic deficiencies. Deficits in sodium strongly influence 
taste-mediated responses to NaCl [7]. The influence of nu- 
tritional deficiencies on hedonic responses to bitter and sour 
tastes have been examined less frequently, although re- 
sponses to these tastes too may be influenced by nutritional 
state [4,12]. Finally, sensory responses to amino acids may 
be influenced by nutritional state. For example, a protein 
deficient organism may respond differently to the sensory 
aspects of one or more amino acids. This hypothesis is based 


on a postulated relationship between flavor and protein de- 
ficiency which is analogous to the presumed relationship be- 
tween sweet taste and energy deficits [11]. Taken together, 
these considerations lead to the hypothesis that taste prefer- 
ences may be altered in protein-calorie malnourished human 
infants. 

Behavioral observations support the hypothesis of altered 
responses to taste in malnourished infants. In those infants 
who suffer from second (60%-75% of standard weight for 
age) and third (less than 60% of standard weight) degree 
malnutrition, altered eating patterns are often observed. 
Anorexia commonly occurs in these children, particularly 
early in their treatment, making certain therapeutic regimes 
difficult to maintain [1]. 

Based on these considerations, an investigation of intake 
during brief presentations of sucrose, NaCl, citric acid, urea, 
an amino acid mixture, and monosodium glutamate (MSG) 
among protein-calorie malnourished infants was conducted. 
Responses of these infants were compared to responses of 
normal infants of comparable age, ethnic origin and socio- 
economic status. Taste preferences were evaluated by allow- 
ing the infant a brief period during which he or she could 
ingest as much of the taste and control solutions as desired 
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[9,16]. If one group of infants ingests more taste solution 
relative to control solution than another group, the former is 
considered to exhibit a greater preference for the taste. 


EXPERIMENT | 


METHOD 
Subjects 


A total of 76 malnourished infants living in the vicinity of 
Guadalajara, Mexico (44 male and 32 female) ranging in age 
from two to 24 months (mean age=11.5 mo) (see Table 1), 
were tested although not all were tested with each tastant. 
All infants were suffering from second or third degree mal- 
nutrition. The infants were admitted to the Centro de Re- 
cuperacion Nutricional, which is one of the centers of the 
Sistema Nacional para el Desarrollo Integral de la Familia 
(DIF). The Center is a day-care facility. The infants, all with 
the primary ailment of malnutrition and from low socio- 
economic families, are brought by the mother each morning 
and then taken home late in the afternoon. Feeding practices 
depend on the age of the infants. Generally, those younger 
than 6 mo receive 3 formula feedings each day (formula con- 
sists of 86 g dried skim milk, 67 g sucrose, 86 g margarine 
mixed in 811 ml of water) alternated with juice. Older chil- 
dren usually receive, in addition, colado (a mixture including 
meat, vegetables, rice and soup) and a high protein-high cal- 
orie dessert. 

On admission, the infants were examined for parasites 
and minor infections. Hemoglobin and hematocrit were de- 
termined initially and again after rehabilitation. Practically 
all of the infants had parasites, for which they were treated, 
and some degree of anemia. They were all underweight, 
some by as much as 50 percent for their age. The period of 
recuperation varied from four to eight weeks. The Center 
maintained medical records which were examined for each 
infant in the study. In most cases, information on feeding 
patterns was obtained from the mother. All of the infants 
were bottle-fed at the time they were admitted to the Center. 
From interviews with the mothers, it was apparent that each 
child had subsisted on an inadequate diet with very little 
animal protein. 

Initially it was recognized that the infants could be zinc- 
deficient and that, if so, this might affect their taste response 
since zinc has been implicated in taste function (e.g., [15]). 
Blood was obtained from 12 infants, selected at random, on 
admission to the Center. The plasma zinc levels were all 
within the normal range. Entering plasma carnitine levels, 
obtained from a limited number of infants, were mostly 
below the accepted normal values. This could be expected 
since the diets before entering the Center were relatively low 
in animal protein. 

Control infants consisted of 53 healthy Mexicans (27 
males and 26 females) ranging in age from 2 to 24 months 
(mean age=9.6 mo) (see Table 1). All infants had been re- 
cruited from the population of Guadalajara by the senior 
investigator. No infant was included as a control if he/she: 
(a) had been diagnosed as malnourished in the past; (b) suf- 
fered from chronic gastrointestinal disorders; or (c) was 
frankly ill at the time of testing as reported by the mother or 
noted by the experimenter. 


Materials 


In this study, responses of infants to examples of the 
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‘*basic’’ tastes were examined. Taste solutions were pre- 
pared with reagent grade chemicals and sterile water. Con- 
centrations were: 0.2 M and 0.4 M sucrose, 0.1 M and 0.2 M 
NaCl, 0.24 M and 0.48 M urea and 0.006 M and 0.012 M citric 
acid. The diluent for sucrose and NaCl was sterile water 
while the diluent for citric acid and urea was 0.07 M sucrose 
in sterile water. Since water is not a highly palatable sub- 
stance to young infants [8], a preferred sucrose solution was 
used as diluent for urea and citric acid in order to observe the 
inhibition of intake relative to the diluent which these sub- 
stances produce in normal infants. It should be noted, how- 
ever, that the mechanism by which intake is reduced is not 
well understood. The sour and bitter tastes themselves might 
be involved, or, as a result of mixture suppression, the re- 
duction of the sweetness of the diluent could be responsible 
for reduced intake (e.g., [2]). Most likely both of these fac- 
tors are involved. 

Test solutions were presented in commercially available 4 
ounce glass bottles fitted with sterile, disposable nipples. 
Each bottle contained 50 ml of tastant which was presented 
at room temperature. 


Procedure 


A complete series of tests consisted of four sessions, with 
a different tastant being tested at each session. On day one, 
sucrose (sweet) was the taste substance in the first session, 
and NaCl (salty) was the taste substance in the second, given 
30 to 90 minutes later. On day two, urea (bitter) was pre- 
sented first while citric acid (sour) was presented second, 
again with 30 to 90 minutes between sessions. Thus, 65 ex- 
perimental and 53 control children were tested with the first 
two tastants (sucrose and NaCl). Of these, 47 experimental 
and all control subjects were also tested on the second two 
tastants (urea and citric acid). 

Each infant was tested individually in a bassinet or crib. 
Malnourished infants were tested at the nutrition rehabilita- 
tion center, and control infants were tested in their own 
house, a neighbor’s house or the experimenter’s house. As 
far as possible, testing occurred midway between meals. 

For the vast majority of the trials, the individual who 
conducted the tests was unaware of the experimenter’s 
hypotheses. However, this individual was not generally 
blind to the identity of the tastants. 

Prior to beginning a test, the infant was gently aroused if 
he or she was sleepy or drowsy. The experimenter then pre- 
sented the diluent by placing the nipple in the infant’s mouth 
and rubbing it against the hard palate for 1-2 seconds to 
stimulate sucking. No further stimulation was provided. The 
infant was then allowed to consume as much or as little as 
he/she wanted for 60 sec. After 60 sec, the bottle was re- 
moved and a 30 sec rest period followed. This sequence was 
followed two more times until the diluent, the low concen- 
tration and the high concentration (in that order) of a taste 
substance had each been presented for 60 sec. The infant 
was then allowed a 5 min rest period which was followed by 
a second presentation of the same taste solutions in the re- 
verse order. Total volume ingested was determined for each 
concentration of the tastant. 


Design 


The dependent variable was always the volume ingested 
of the three concentrations of the taste solutions; that is, 
diluent, low concentration and high concentration. Volumes 
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TABLE 1 
MEAN + SEM AGES AND WEIGHTS OF MALNOURISHED AND CONTROL SUBJECTS 





Malnourished Infants 


<I yr. >I yr. 


Control Infants 


1 yr. > | yr. 





Experiment 1 
age (mo) .5 + 0.5 (55)* 
weight (kg) + 0.2 (52) 


Experiment 2 
age (mo) 
weight (kg) 3.9 


2 + 0.5 (25) 
0.2 (24) 


16.1 + 0.7 (21) 
6.2 + 0.3 (18) 


16.3 + 1.2 (12) = 
(8) od 0.6 (11) 


6.9 + 0.5 


+ 0.5 (41) 
+ 0.3 (40) 10.5 + 


17.5 + 1.2 (12) 


0.3 (12) 


+ 0.9 (15) 15.8 + 0.8 (19) 
9.8 + 0.3 (15) 





*The numbers of subjects are presented in parentheses. Weight on the day of testing was not 


obtained for some subjects. 


ingested by experimental (malnourished) and control sub- 
jects were compared. In some analyses, age of infants and 
the number of days after admission also served as independ- 
ent variables. These variables were evaluated when prior 
published evidence or data from preliminary studies so indi- 
cated. Statistical analyses were conducted separately for 
each of the four taste qualities. 


RESULTS 
Sucrose 


Preliminary studies suggested that infants tested very 
soon after admission to the Center were less responsive to 
sucrose than were infants under treatment for a longer period 
of time. To see if this trend was substantiated in the present 
study, three groups were compared in the statistical analysis: 
Malnourished infants tested for sweet preference less than 
six days after admission (group 1; n=20), another group of 
malnourished infants which was tested six or more days fol- 
lowing admission (group 2; n=45) and control infants 
(n=53). See Fig. 1. 

A three (group) by three (tastant: water, 0.2 M sucrose, 
0.4 M sucrose) analysis of variance (ANOVA) with repeated 
measures on the second variable was employed. Intake of 
tastants (water, 0.2 M sucrose and 0.4 M sucrose) differed 
among the 3 groups, F(2,115)=6.66, p<0.02. Infants in 
groups 2 and 3 ingested more than infants in group | 
(Newman-Keuls; p<0.05), and this was most evident for the 
highest sucrose solution. Tastant influenced intake, 
F(2,230)=35.29, p<0.001, with 0.4 M sucrose and 0.2 M su- 
crose ingested in greater amounts than the water diluent 
(p <0.05). The group by tastant interaction failed to reach an 
acceptable level of significance, F(4,230)=2.34, 0.05< 
p<0.06. 


Urea 


Preliminary data provided no basis for expecting differ- 
ences in response to urea, citric acid and NaCl due to length 
of the stay at DIF. Data from both experimental and control 
groups in response to urea were compared in a two (group) 
by three (tastant concentration; repeated measures) 
ANOVA (see Table 2). The malnourised and control infants 
differed in intake of the taste solutions, F(1,98)=7.65, 
p<0.001. Compared with malnourished infants, control in- 


Volume ingested (mi) 


l 1 l 
Water 0.2 0.4 


Sucrose (M) 








FIG. 1. Volumes of fluids (mean+standard error) ingested by mal- 
nourished children tested 5 or fewer days following admission 
(closed circles, n=20), malnourished children tested 6 or more days 
following admission to the renutrition center (open circles, n=45), 
and by control children (open squares, n=53). Taste substances 
were water, 0.2 M sucrose and 0.4 M sucrose. 


fants ingested greater volumes of all three taste solutions 
(p<0.05; Newman-Keuls). The tastant also influenced in- 
take, F(2,196)=102.4, p<0.001, with infants ingesting more 
diluent than either 0.24 M or 0.48 M urea (p<0.01) and more 
0.24 M urea than 0.48 M urea (p<0.05). The interaction was 
not significant. 


Citric Acid 


For the analysis of citric acid, data from experimentai and 





TABLE 2 


MILLILITERS CONSUMED (MEANS + SEM) OF TASTE SOLUTIONS 
IN MALNOURISHED AND CONTROL INFANTS 





Taste stimuli 


Group diluent* 0.24 M urea 0.48 M urea 





Malnourished 6.0 + 0.7 2: 0.3 0.9 
Control 8.7 + 0.8 9+ 0.5 1.8 


0.012 M 
citric acid 


0.006 M 
diluent* citric acid 





Malnourished 44+ 0.6 1.6 + 0.2 1.0 + 0.1 
Control 7.8 + 0.9 2.4 + 0.6 + 


0.3 





*The diluent was 0.07 M sucrose. 


control groups were submitted to a two (group) by three 
(tastant concentration; repeated measures) ANOVA (see 
Table 2). The taste of the solutions influenced intake, 
F(2,196)=69.37, p<0.001. The malnourished and control in- 
fants differed in intake of taste solutions, F(1,98)=7.99, 
p<0.001. Probing the significant interaction between group 
and tastant, F(2,196)=6.40, p<0.01, with simple effects 
analyses revealed that control infants ingested more diluent 
than malnourished infants, F(1,124)=30.01, p<0.001. The 
two groups did not differ in intake of the other two tastants. 


NaCl 


Previous studies (cf. [3]) indicated that the age at which 
an infant is tested may influence responses to NaCl solutions 
(no differences as a function of age were anticipated or ob- 
served for sucrose, citric acid or urea). For this reason, both 
malnourished and control infants were divided into 2 sub- 
groups: those less than | year old and those greater than | 
year old. A two (age) by two (group) by three (tastant con- 
centration; repeated measures) ANOVA revealed that mal- 
nourished and control infants did not differ in their response 
to salt solutions. However, children less than one year of age 
differed markedly from those over one year old as evidenced 
by a significant taste x age interaction, F(2,228)=10.95, 
p<0.001. As Fig. 2 illustrates, infants less than one year of 
age consumed more of the 0.1 M (p<0.05) and the 0.2 M 
(p<0.01) NaCl than infants over one year. Intake of water 
did not differ between the two groups. 


DISCUSSION 


Intake of solutions was generally depressed among mal- 
nourished infants relative to intake of control infants. This 
was evident for all solutions in the sucrose and urea tests. 
For citric acid, intake of only the diluent was lower in the 
malnourished infants. In general, therefore, while intake was 
depressed in the malnourished infants (these infants were 
smaller than control children), little difference in preference 
was evident; infants in both groups ingested more sucrose 
than water and ingested less sucrose plus citric acid and urea 
than the 0.07 M sucrose diluent. Responses to NaCl were 
also similar in the two groups. 
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FIG. 2. Volumes of fluids (mean+standard error) ingested by four 
groups: malnourished children less than | year of age (closed circles, 
solid lines; n=47), malnourished children greater than | year (open 
circles, broken lines, n= 18), control children less than | year (closed 
triangles, solid lines, n=41), and control children greater than | year 
(open triangles, broken lines, n=12). Taste substances were water, 
0.1 M NaCl and 0.2 M NaCl. 


The one possible exception to this generalization was 
among the recently admitted infants who exhibited a some- 
what flattened preference function in response to sucrose, as 
suggested by inspection of Fig. 1. The responses of these 
infants to the other tastes (sour, bitter and salty) were very 
similar to the control. We do not know the reason for this 
response to sucrose. The sensitivity to sweet taste could 
have been altered in these infants. More likely, the pleasant- 
ness of the taste of sweet substances was depressed. These 
infants were extremely malnourished as well as acutely ill 
with controlled diarrhea. Under these circumstances, it 
seems likely that there existed an anorectic response to 
sweet sucrose solutions rather than an impaired ability to 
taste them. There is one published suggestion (see [14]) that 
experimental protein deficiency results in a decline in the 
acceptability of sweet substances. However, determination 
of whether this apparent altered response to sucrose is re- 
lated to the malnutrition specifically or is a more general 
response to the acute illness requires further investigation. 

These data suggest that preference for sucrose was de- 
pressed in recently admitted infants. Furthermore, these in- 
fants strongly rejected the mixtures of sucrose and sour and 
bitter tastes. Initial difficulties in inducing food consumption 
in infants newly under treatment may be aided by a con- 
scious effort to increase the palatability of diets by reducing 
as much as possible the sour and bitter components. 

One possibly confusing aspect of the data is the seemingly 
different conclusions reached about responses to sucrose 
from analysis of the sucrose results and analyses of the di- 
luent intake for the urea and citric acid tests. For sucrose 
tests, it was found that intake was significantly depressed 
only among recently admitted infants (Fig. 1). While this 
trend was also apparent during tests with the 0.07 M diluent 
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in urea and citric acid tests, it was not statistically reliable. 
For urea tests, the intake of diluent among infants tested 5 
days or less following admission was 5.1 ml whereas intake 
among infants tested six days or more following admission 
was 6.3 ml. For citric acid tests, intake of diluent in the 
former group was 3.3 ml and whereas intake in the latter 
group was 4.9 ml. The failure of these differences to reach 
Statistical significance may be due to two trends evident in 
Fig. 1. First, the difference between early and late tested 
infants appears to be smaller at the lower concentration (0.2 
M); an extension of this trend predicts the small (statistically 
insignificant) differences found at 0.07 M sucrose. Second, 
the significant depression of diluent intake even among late 
tested malnourished infants was similar in degree to that 
observed during sucrose tests (Fig. 1; open circles compared 
with open squares). For the sucrose tests, the larger varia- 
bility precluded a statistically significant difference whereas 
variability was considerably lower, as a result of smaller 
volumes ingested overall, for urea and citric acid tests. 

One of the main hypotheses of this study was that 
protein-calorie malnourished infants would exhibit a 
heightened preference for sweets, particularly after their ini- 
tial gastrointestinal difficulties were under control. This hy- 
pothesis was based on the assumption that an organism 
which is deficient in calories may respond at a greater 
strength to sucrose, a source of calories (e.g., [4, 5, 18]). The 
data do not support this hypothesis although further studies 
using other techniques might lead to different conclusions. 

The response of these infants to NaCl requires comment. 
Previous studies [3,20] have indicated that infants under one 
year of age are either indifferent to NaCl or reject it. In 
contrast, infants in this study who were under one year of age 
appeared to ingest more NaCl solution than water (Fig. 2). 
There exists a variety of methodological differences in this 
study compared to the others so the reason for this unusual 
response is not known. However, as it was observed in both 
malnourished and control infants, there is no reason to be- 
lieve it is associated with malnutrition. 


EXPERIMENT 2 


Infants in the renutrition center were protein as well as 
calorie deficient. It has been suggested that glutamic acid 
provides the ‘‘protein taste’’ much as sweet provides the 
‘calorie taste’’ [6,11]. Such arguments would lead to the 
prediction that protein deficient infants would be more re- 
sponsive to amino acids. 


METHOD 


Subjects 


Experimental (21 male and 16 female) and control (21 
male and 13 female) subjects drawn from the same pool as in 


Experiment | (see Table 1) were tested with casein 
hydrolysate. Fifty of these same subjects (26 experimental 
and 24 control) were tested with monosodium glutamate 
(MSG). 


Materials 


Preliminary tests indicated that aqueous solutions of ca- 
sein hydrolysate and monosodium glutamate were strongly 
rejected. Therefore, a vegetable soup base with glutamic 
acid removed (Ajinomoto, Inc.), prepared at half strength 
(0.19 g powdered soup base per 100 ml demineralized, distil- 
led water) was used as the diluent. The soup was boiled for 
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2-3 min prior to adding the flavorings. For part A of the 
study, a 1% solution (wt/wt) of casein hydrolysate fortified 
with L-tryptophan, L-tyrosine and L-cysteine commercially 
prepared for infant foods (Mead Johnson, Z 0002) was pre- 
pared with the soup diluent. For part B, 0.4% monosodium 
glutamate was dissolved in the diluent. 


Procedure 


A complete series of tests consisted of 4 sessions, two 
sessions with soup vs soup with casein hydrolysate and two 
sessions with soup vs soup with MSG. The details of the 
testing procedure were similar to those described in Experi- 
ment 1. All malnourished infants were tested beginning at 
least 4 days following admission to DIF. 

On day 1, approximately midway between feedings, an 
infant was offered a bottle containing 30 ml of the soup di- 
luent for 60 sec. The bottle was removed and, following a 30 
sec rest period, the bottle containing soup plus casein 
hydrolysate was offered for 60 sec. Following a 5 min rest, 
this sequence was repeated in the opposite order. The next 
test day, the same procedure was repeated except in the 
reverse order (i.e., the soup plus casein hydrolysate came 
first). For approximately half of the subjects, the order of 
test days was reversed. For part B, MSG was substituted for 
casein hydrolysate; otherwise testing was identical. Approx- 
imately one half of the infants tested with MSG received this 
test (part B) first, followed 1 to 30 days later by the casein 
hydrolysate test (part A), while for the other half this order 
was reversed. 


RESULTS 
Casein Hydrolysate 


Order of testing did not influence responses. Since age 
effects had previously been found with NaCl (Experiment 1), 
and MSG and other amino acids may have a salty aspect, a 
two (age: < 1 yr and = | yr) by two (group: malnourished 
and control) by two (tastant: soup and soup plus casein 
hydrolysate) ANOVA was conducted (Fig. 3A). Mal- 
nourished and control infants responded differently to the 
taste solutions as revealed by the significant interaction, 
F(1,69)=16.76, p<0.001. Malnourished infants ingested 
more soup with casein hydrolysate (intake of soup: 14.1+2.1 
ml; soup + casein hydrolysate: 18.4+2.7 ml; p<0.01); con- 
versely, control children ingested more plain soup compared 
with soup plus casein hydrolysate (intake of soup: 16.9+3.0 
ml; soup + casein hydrolysate: 14.7+2.9 ml), although this 
difference did not reach statistical significance (0.05: 
p<0.06). 


MSG 


An identical analysis indicated only that soup plus MSG 
was preferred to soup alone, F(1,48)=12.05, p<0.002. For 
malnourished children, intake of soup was: 14.3+2.6 ml and 
soup + MSG was: 19.5+2.8 ml. For control children the 
intake of soup was 18.5+3.5 ml and soup + MSG was 
20.3+3.8 ml. See Fig. 3B. 


GENERAL DISCUSSION 


Infants diagnosed as suffering from second and third de- 
gree protein-energy malnutrition preferred casein hy- 
drolysate solutions and MSG when a soup base served as 
the diluent. In contrast, well nourished control infants 
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FIG. 3. Difference scores (ml of soup with tastant added consumed 
minus ml of soup alone consumed) for malnourished (M) and control 
(C) infants. A-10% casein hydrolysate was the tastant (control: 
n=34; malnourished: n=37; B—0.4% monosodium glutamate was the 
tastant (control: n=24; malnourished: n=26). 


tended to reject the casein hydrolysate-soup solutions and 
preference for MSG in soup did not appear as robust. 
Caution is needed in ascribing the differences between 
these groups of infants solely to difference in protein-energy 
status. The experimental subjects were suffering from a 
variety of illnesses including intestinal parasites and they 
were receiving a variety of different medications for these 
conditions. Though there appears no basis for these varia- 
bles influencing responses to the soups, nor could any pat- 
tern be discerned in illness or medication type and ingestive 
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responses, it is possible that these factors played a role in the 
observed differences. Differential dietary experiences could 
also be involved. However, approximately equal numbers of 
mothers in both experimental and control groups reported 
that their infants had previously eaten soup. Finally, hunger 
level at the time of testing may have varied among the sub- 
jects. While we requested the mothers of the control infants 
not to feed their children for at least | hr prior to the test, this 
variable was not as easy to control among the control chil- 
dren compared with the experimental group. How the 
greater variability in hunger among control subjects could 
explain the pattern of results obtained is not evident. 

The flavoring properties of MSG act synergistically with 
5'-ribonucleotides [6, 17, 21]. MSG, when added to soup 
which contains these ribonucleotides, increases the pleas- 
antness of some soups as judged by adult panelists [10]. It 
would be of considerable interest to examine the responses 
of even younger children to the sensory properties of MSG. 
A substantial body of research now exists on taste in new- 
born infants (see [3]) but to date there are no published re- 
ports using MSG as a taste stimulus. Based on the analogy 
some have made between it and substances stimulating 
sweet taste [11], one might expect a positive response by 
newborn infants. 

Preliminary tests indicated that the casein hydrolysate so- 
lutions alone were extremely unpalatable to infants. 
Perhaps, in the soup with casein hydrolysate condition, 
these negative characteristics were responsible for the ap- 
parent rejection by well nourished infants. Malnourished in- 
fants, however, may have ignored these negative compo- 
nents, responding instead positively to the casein 
hydrolysate-soup base mixture. When MSG was placed into 
soup, there was no rejection by well nourished infants while 
malnourished infants responded positively to the MSG 
perhaps partially as a result of its interaction with compo- 
nents of the soup base. 

Although it is hypothesized that the sense of taste 
mediates the differential ingestion of amino acids in soups, 
this requires further research for verification. Inherent diffi- 
culties in working with a heterogeneous population of sub- 
jects, such as is represented by these malnourished infants, 
indicate that the development of an animal model may be 
warranted. The responses of rats to diets unbalanced in 
amino acids have been extensively investigated (see [19]). 
Rats quickly limit intake or avoid diets deficient or un- 
balanced in one or more essential amino acids. Sensory con- 
trol of this response is not well understood but learning is 
presumed to mediate the animals’ responses [19]. The role of 
prior experience in influencing responses to amino acids in 
protein-calorie malnourished organisms is not known. 
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PARROTT, R. F. AND B. A. BALDWIN. Centrally-administered Bombesin produces effects unlike short-term satiety in 
operant feeding pigs. PHYSIOL. BEHAV. 28(3) 521-524, 1982.—The effects of intracerebroventricular injections of 0, 
1.25, 2.5 or 5.0 wg Bombesin (BBS) on operant feeding and of 0, 1.25 or 2.5 wg BBS on operant drinking were examined in 
pigs deprived of food and water for 17 hours. BBS reduced foor or water intake, depending on which reinforcer had been 
withheld. BBS also produced behavioural patterns not typical of normal satiety in this species. 
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SEVERAL gut peptides which may act as local hormones 
are also present in brain tissue. It is believed that some of 
these substances may influence food intake, possibly by reg- 
ulating meal size. This would involve an action on the 
CNS, mediated via the circulation or by a neural link be- 
tween gut and brain. Cholecystokinin is an example of sucha 
peptide that has been extensively investigated to establish 
whether it fulfills the necessary criteria for a physiological 
satiety signal. More recently, there has been much interest in 
another peptide, Bombesin (BBS), which may function in a 
similar way. 

BBS is a tetradecapeptide and one of a group of related 
substances originally isolated from amphibian skin [7]. How- 
ever, BBS-like immunoreactivity has been demonstrated in 
various tissues from a number of species. These include, the 
gut of rat [21], guinea-pig [9] and man [19] and the brain of 
the rat [15,21] and hypothalamus of the sheep [20]. Recently, 
high affinity binding sites for BBS also have been found in rat 
brain [14]. Although it is not at present clear whether BBS 
itself exists in mammalian tissues, a very similar peptide has 
been isolated from pig gut [12]. 

The hypothesis that BBS release may signal satiety was 
first advanced by Gibbs, Fauser, Rowe, Rolls, Rolls and 
Maddison in 1979 [8]. They showed that intraperitoneal in- 
jection of BBS reduced food intake in rats without affecting 
water intake or apparently disrupting other behaviour. Sub- 
sequently, it was shown that BBS reduced liquid food intake 
in sham-feeding rats [11]; under these conditions the animals 
are deprived of stimuli from the stomach, duodenum and 
intestine, which may also act to terminate a meal. Recently, 
reductions in the feeding activity of obese mice have also 
been produced by intraperitoneal BBS injections [13]. An 
alternative interpretation of these data is that peripheral BBS 
disrupts feeding by causing gastric illness or nausea. This is 
difficult to evaluate in a species like the rat which is incapa- 
ble of vomiting. However, a study in man showed that intra- 


Body temperature 


venous infusion of low doses of BBS produced nausea in 
64% of subjects in addition to other unpleasant side-effects 
and actual vomiting in 5% of the subjects [2]. Attempts to 
test the possible malaise-inducing properties of BBS in the 
rat have used the conditioned taste aversion test. In this 
design, injection of the substance under test is paired with 
the presentation of a novel taste stimulus (usually saccharin 
water); if the treatment produces illness the novel tasting 
substance is subsequently avoided. Where this test has been 
used it was found that a low dose (4 wg/kg) of BBS did not 
produce aversion [10] whereas a higher dose (16 wg/kg) was 
effective [6]. Evaluation of the peripheral effects of BBS is 
also difficult because this peptide has many actions. For 
example, it alters the electrical and mechanical activity of 
the gut [4] and releases both gastrin and cholecystokinin [7]. 
Thus, the reduction in food intake may be due to any combi- 
nation of these effects in addition to any specific CNS action. 

Several workers have investigated the central effects of 
BBS directly, by injection into the cerebral ventricles or into 
brain tissue. Among the behavioural effects that have been 
reported are, induction of drinking in the pigeon [5], thermo- 
regulatory responses in the rat [1], produced as a conse- 
quence of the hypothermic action of BBS [22], and increases 
in rat locomotor activity [18]. Various endocrine and 
biochemical effects have also been noted. In particular, 
centrally-administered BBS raises glucose and glucagon 
levels and reduces insulin levels; this response is mediated 
via the adrenal medulla [3]. In relation to food intake, it has 
recently been shown that intraventricular BBS reduces 
tail-pinch induced eating in rats and that this effect is inde- 
pendent of the adrenal hyperglycaemic response [16]. How- 
ever, the action of centrally-administered BBS on normal 
feeding activity has not yet been studied. 

The intracerebroventricular (ICV) technique has recently 
been used in this laboratory to investigate the effect of 
cholecystokinin on operant feeding in the pig [17]. In view of 
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the current interest in BBS and its possible relation to the 
control of food intake, the present study was undertaken 
using an experimental design similar to that adopted previ- 
ously. 


METHOD 


The effects of ICV injections of BBS on feeding, drinking 
and body temperature were studied using 10 male and 4 
female prepubertal Large White pigs. 

The animals, which had been trained to press panels to 
obtain food or water, were prepared with ICV cannulae 
using a previously described method [17]. They lived in in- 
dividual cages equipped with separate panels delivering 
single reinforcements of 10 g food and 50 ml water on a fixed 
ratio of 5. The daily testing procedure was similar to that 
used for ICV cholecystokinin [17]; both feeding and drinking 
tests were carried out in animals deprived of one or other 
reinforcer for 17 hours (17.00 hr to 10.00 hr). 

Feeding tests, (N=8, 5d, 32): A single reinforcement 
was delivered to indicate that food was again available. After 
2 min of operant feeding the ICV injection was given and 
food and water consumption were recorded for a further 30 
min. Any pig failing to eat during the pre-treatment period 
was excluded from the test. 

Drinking tests, (N=6, 5d, 12): The ICV injection was 
given immediately followed by the delivery of a single rein- 
forcement. Drinking and any eating occurring during the 
subsequent 30 min was recorded. 

In feeding tests ICV injections consisted of either 0 (con- 
trol), 1.25, 2.5 or 5.0 wg of BBS (Beckman Ltd.) in a | ml 
volume of sterile normal saline; in drinking tests the highest 
dose of BBS was omitted. Treatments were usually given in 
ascending order of concentration. The number of pigs receiv- 
ing each treatment was as follows. Feeding tests: 8 pigs were 
given saline on 3 occasions. Six pigs received 1.25 ug BBS; 
this occurred three times with 5 of the animals and twice with 
one pig. The 2.5 and 5.0 wg doses were administered three 
times to 7 pigs and twice to one pig. Drinking tests: Four pigs 
received saline twice and two were treated once. The 1.25 
and 2.5 wg doses of BBS were given to 5 pigs on two occa- 
sions and once to one animal. In both feeding and drinking 
tests, means were calculated for individual pigs on a particu- 
lar treatment and these values were used to derive the over- 
all means used in the analysis. Control and experimental 
tests were compared using the paired t-test (2-tailed) and 
dose response relationships were examined by regression 
analysis. 

The effect of 0 or 2.5 wg BBS given by ICV injection on 
deep body temperature was studied in 2 resting pigs. Each 
animal was surgically prepared with a blind-ending catheter 
into which was inserted a thermistor linked to a telether- 
mometer (Yellow Springs Instrument Co. Ltd.). Body tem- 
perature was recorded for 20 min before and 30 min after 
treatment. 


RESULTS 


The effects of the ICV injections on operant food intake 
are shown in Fig. 1. There were no differences between trials 
during the 2 min pre-treatment period. Following injection, 
BBS reduced food intake in a dose-related manner but did 
not have a significant effect on water intake. A regression 
analysis was carried out on these data. The slope was found 
to be linear with a coefficient (Mean+S.E.) of —12.0+1.4 
food reinforcements per ug of BBS administered. 
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FIG. 1. Operant food and water intake in 17-hour food-deprived pigs 
following ICV injection of increasing doses of BBS. Number of rein- 
forcements obtained (Mean+SE) are shown for food during 2 minute 
pre-treatment and 30 minute post-treatment periods and for water 
during the post-treatment period (**p<0.01 vs Saline control, 
***p <0.001). 
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FIG. 2. Cumulative operant food and water intake in 17-hour food- 
deprived pigs during the 30 minute period following ICV injection of 
increasing doses of BBS. 


The temporal patterning of ingestive activity during the 
above test period is shown in Fig. 2. The food data indicate 
that, after the control injection, the pigs ate at a consistently 
rapid rate throughout the 30 min period, whereas BBS ap- 
peared to reduce the eating rate in a dose-related manner. In 
the free feeding pig there is normally an increase in drinking 
near the end of a meal. Although the total amount of water 
consumed was small (Fig. 1), this appeared to happen in the 
present experiment after saline injection (Fig. 2). Also, BBS 
tended to reduce the rate of water intake in a dose-related 
fashion. 

The behaviour of the pigs following BBS injection did not 
resemble normal satiety which is characterised, in this spe- 
cies, by a relaxed and somnolent posture. Occasionally, 
some of the pigs displayed transient vomiting. This effect 
was dose-related, for example the percentage of tests in 
which it occurred were as follows; 1.2 ug BBS, 0%; 2.5 ug, 
16%; 5.0 wg, 53%. Although the pigs rapidly recovered and 
soon resumed feeding, the clinical signs accompanying the 
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FIG. 3. Operant water and food intake in 17-hour water-deprived 
pigs following ICV injection of saline or 2 doses of BBS. Histograms 
show the number of reinforcements obtained (Mean+SE) during the 
30 minute post-treatment period (**p<0.01 vs Saline control, 
***5 <0.001). 


higher doses suggested a brief period of mild abdominal dis- 
comfort rather than short-term satiety. 

Confirmation of the malaise-inducing properties of BBS 
when given by the ICV route was obtained by the finding 
that both the doses used significantly reduced drinking in 
thirsty pigs (Fig. 3). Feeding during this test was negligible. 
Regression analysis on the water data again showed that the 
slope was linear with a coefficient (Mean+S.E.) of —7.6+0.9 
reinforcements per ug of BBS injected. 

Finally two pigs were studied to establish whether the 
effects seen were associated with the known hypothermic 
action of centrally-administered BBS [22]. The results (Table 
1) indicate that 2.5 wg BBS did not have any significant effect 
on body temperature during the 30 min timescale used for the 
food and water experiments. 


TABLE 1 


CHANGE IN DEEP BODY TEMPERATURE (TB; °C) MEASURED AT 
5 MIN INTERVALS FOLLOWING ICV INJECTION OF | ml SALINE 
CONTAINING 0 OR 2.5 ug BBS 





Post-treatment TB change °C 
Pre- 
BBS treatment : +10 +15 +20 +25 
dose 7 min min i min 





39.0 +0.1 +0.1 + + +0.15 
39.3 0 +0.1 + + +0.1 
39.7 +0.1 +0.1 0.05 
39.3 0 0.1 2 0.1 





DISCUSSION 


The present study shows that injection of increasing 
doses of BBS into the lateral cerebral ventricles produces a 
linear dose-related reduction in food intake in hungry pigs. 
However, since BBS also decreases water intake in thirsty 
pigs and produces behaviour suggestive of abdominal dis- 
comfort, it seems improbable that increases in levels of BBS 
in the CSF signal physiological satiety. Although BBS may 
serve some function in the mammalian CNS, it does not 
appear to be related to the control of food intake in any 
meaningful way in the pig. 

In the only other study that we are aware of where ICV 
administration of BBS has been investigated in relation to 
food intake [16], it was found to reduce tail-pinch eating 
without apparently disrupting other behaviours. This was 
taken to be evidence for a satiety-inducing effect. However, 
tail-pinch eating is a phenomenon of uncertain relationship to 
normal feeding and the experimenters also failed to control 
for malaise. The results presented here permit the alternative 
conclusion, i.e., that centrally-administered BBS reduces 
feeding in the pig through its aversive properties [6]. 
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ALLIOTT, J. AND T. ALEXINSKY. Effects of posttrial vasopressin injections on appetitively motivated learning in rats 
PHYSIOL. BEHAV. 28(3) 525-530, 1982.—Sixty male rats, maintained on 23-hr food deprivation were trained on two 
types of appetitive tasks: bar press responding under a CRF schedule, and under a differentially reinforced (light+ , dark —) 
schedule. Performance of rats treated with lysine vasopressin, injected immediately after each training session, was 
compared to that of control animals injected with saline. In the CRF stage, treated animals reached learning criterion 
significantly later than did control rats, and made significantly fewer bar presses. During acquisition and extinction of a 
light-dark discrimination, learning and retention were not altered by vasopressin, though the number of bar presses was 
significantly decreased, and a differential effect was found according to previous CRF performance. The results are 
discussed considering the hypothesis of a facilitatory effect of vasopressin on memory processes. 


Vasopressin Memory 


NEGATIVELY reinforced learning has been shown to be 
influenced by vasopressin. It has been established, for in- 
stance, that animals deficient in this hormone, such as 
hypophysectomized rats [11], or Brattelboro rats with 
hereditary diabetes insipidus [7], were unable to maintain 
avoidance responses in the absence of punishment. How- 
ever, after injections of vasopressin, their performance no 
longer differed from that of normal, control rats [12,13]. 
Similarly, administration of this hormone was shown to 
facilitate retention of passive avoidance and to slow down 
extinction of active avoidance learning, and these effects did 
not seem to be related to peripheral hormonal influence 
[6,31]. Equivalent results were obtained with peptides, such 
as ACTH and MSH [11, 12, 14, 16]. Several lines of existing 
evidence, such as the long-lasting antiamnesic action of vas- 
opressin, as well as the effects found after injections of vas- 
opressin antiserum, have led De Wied to suggest that vaso- 
pressin might have a selective effect on memory as a whole, 
including consolidation and recall processes [17,28]. 
However, two important questions remain to be an- 
swered. It is difficult to conceive that a treatment which acts 
on memory processes should not affect all types of memory. 
Yet, the influence of this peptide on appetitively motivated 
tasks remains to be convincingly demonstrated. So far, 
available data are both incomplete and somewhat contradic- 
tory [5, 18, 21, 22]. Also, evidence regarding the effects of 
treatment during acquisition of tasks is scarce and, there- 


Discrimination learning 


Appetitive task 


fore, generalizations based on results obtained mostly during 
extinction may not be too well founded. According to Gold 
[20], slower extinction may be due as much to an impairment 
of extinction processes as to potentiation of previously 
learned responses. The purpose of the present study was, 
therefore, twofold: (a) To find out whether or not post-trial 
injections of vasopressin could affect appetitive behavior 
and (b) To see whether any such effect would be on acquisi- 
tion as well as on extinction. 

We specifically chose to use posttrial injections in order 
to avoid difficulties in interpretation such as state depen- 
dency or alteration in motivational or perceptual processes. 
Generally, posttrial treatments are supposed to act on the 
consolidation phase of memory, but in spite of the fact that it 
was often shown that vasopressin peripherically injected is 
rapidly inactivated, de Wied [23] obtained the same behav- 
ioral effect with one hour pretest injection as with posttrial 
injections. In our experiments we used posttrial treatment 
without any a priori assumption that we were intervening in 
any particular phase of the memory processes. 


METHOD 
Subjects 


We used a total of 60 male, Sprague-Dawley rats, 7 weeks 
of age at the start of experiments. Throughout all experi- 
mental stages, rats were food deprived for 23 hours, with 
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water ad lib. Following daily tests, animals had free access to 
food for one hour. 


Drugs 


Sixty-two international milliunits of LVP (Sandoz, biolog- 
ical activity 270 IU/mg) were injected in a 0.25 solution of 
Sandoz standard buffered saline. This dose was equivalent in 
number of pressor units to that reported in the previous 
studies to influence avoidance activity [8, 13, 19, 23]. A pre- 
liminary experiment [2] had shown that such a dose of LVP 
repetitively injected to food deprived rats had no effect on 
either diuresis and water intake or on food intake. Total 
weight and weight of organs such as liver, kidneys, testes 
and adrenals were not modified by 26 daily injections of 
LVP. Subcutaneous injections were made immediately fol- 
lowing each training session, before each rat was returned to 
its living cage. Control rats were given 0.25 ml of the stand- 
ard control solution under similar conditions. 


Apparatus 


A 30 cm square Skinner box (17 cm high) had a bar on one 
of the side walls and a feeding trough on the opposite wall. 
Each bar press delivered a 100 mg food pellet into the feeder. 
A 25 W bulb was placed above the box to serve as a light 
signal. Reinforcement schedules were electronically regu- 
lated and all bar presses were recorded by means of a pen- 
writer. 


Procedure 


Experiment 1: Effect of LVP injections on continuously 
reinforced learning (CRF). This schedule was used with ex- 
perimental (V-CRF, n=12) and control (C-CRF, n=48) rats. 
All animals were treated as follows: On the first 3 days, the 
rats fed ad lib, were placed in the Skinner box, one by one, 
for a 10 min adaptation. At the conclusion of Day 3 a 23 hr 
deprivation was initiated. During the first shaping session 
which took place on day 4, subjects were trained by groups 
of 3 to associate the tone of the food delivery mechanism 
with food until a total of 60 pellets had been consumed. On 
day 5, the delivery of food pellets was placed under the 
control of the experimenter who reinforced all movements of 
the rat (alone) toward the bar; the length of this second shap- 
ing session and of the following training sessions were de- 
termined by how long it took to obtain and consume 20 pel- 
lets of food or until a maximum of 30 minutes had elapsed, 
whichever came first. Subsequent to this training, all animals 
were placed on a CRF schedule, on the same conditions, 
with no further intervention by the experimenter. CRF train- 
ing ended on the day when the animal performed a series of 6 
successive responses within one min. 

Drug or vehicle was injected immediately after the end of 
each session from the first shaping day to the criterion day. 

Experiment 2: Effect of LVP injections on discriminative 
learning. (a) Acquisition—After preliminary learning (CRF), 
48 control rats were trained during 12 days on a 6 minutes 
discriminative schedule in which reinforcement was avail- 
able only when the light was on. A response during this 
period was immediately followed by a food pellet and light 
was turned off. This signal lasted for five sec and appeared 
on the average every 24 secs (15+3) light periods. For half 
the animals (V-ACQ, n=24), LVP was injected immediately 
after the first session. The other half (C-ACQ, n=24) was 
given 0.25 ml of control solution, as in the CRF schedule. (b) 


ALLIOT AND ALEXINSKY 








EXT... I2E 12C 


FIG. 1. Experimental design. E: Vasopressin treated group, C: non 
treated group, CRF: continuously reinforced learning, ACQ: acqui- 
sition of brightness discrimination, Ext: extinction of brightness dis- 
crimination. 


Extinction—Rats used as control animals during acquisition 
were given eight 6 min extinction session in the same condi- 
tions but without reinforcement. There were two groups of 
12 rats each. One of these groups (V-EXT) was given LVP 
posttrial injections, beginning with the first extinction ses- 
sion, until extinction was complete. The other group (C- 
EXT) was given 0.25 ml of control solution after each ses- 
sion (Fig. 1). 


Statistical Analyses 


In Experiment |, when the ‘‘within’’ group variance was 
large, between group comparisons were made using the 
Mann-Whitney U-test, with z transformation for large sam- 
ples. Chi-square was used to compare the frequency of 
animals that reached criterion in treated and non treated 
groups. In Experiment 2, the acquisition of the discrimina- 
tion was assessed by a trend analysis. 

When rats became more sophisticated and ‘‘within”’ 
group variance diminished, between group comparisons 
were made using the Student /-test, and an analysis of vari- 
ance was used to determine the presence of a possible inter- 
action between drug treatment and CRF acquisition rate. 


RESULTS 


Experiment |: Effect of LVP Injections on Continuously 
Reinforced Learning (CRF) 


During the first three sessions, the median response rate 
of treated animals (0.6, 0.8, 2.05) was significantly lower 
than that of control rats (0.8, 2.5, 3.8) (U’s=151, 136, 128; 
z’s=2.3, 2.8, 2.96; p<0.002). The percentage of rats which 
reached learning criterion is illustrated in Fig. 2. It was sig- 
nificantly lower for treated than for control rats on the 
fourth, x?=8.75, p<0.01 and fifth session, x?=7.75, p<0.01. 
Moreover, only a small percentage (40%) of treated rats 
reached criterion by the fifth day of training. 
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Experiment 2: (a) Effect of LVP Injections of Acquisition of 
the Discriminative Task 


All rats learned to bar press during the light-on stage, but 
the decrease in the number of responses during the no-light 
period was relatively low because there were no negative 
consequences related to that response; during a session the 
temporal ratio between light and no light was 1/15. So the 
clearest index of discriminative learning was expressed by 
the decrease in the number of light periods during which rats 
failed to respond (omissions). A trend analysis demonstrated 
a main effect of session on both decrease of bar presses, 
F(11,575)=24.4, p<0.001 and number of omissions, 
F(11,575)=24.7, p<0.001 indicating that a discriminative 
learning occurred (a simultaneous increase in responding 
during light on and decrease during light off). 

Figure 3 shows that there were no significant differences 
between the number of omissions for treated and control 
groups; similarly, although the total number of bar presses 
was lower in the treated group, the difference between this 
group (V-ACQ) and group C-ACQ did not reach acceptable 
levels of significance. 

The absence of more marked differences between groups 
could have been due, in part, to large ‘‘within’’ group vari- 
ances. Therefore, rats were divided into two groups: group 
A, with six experimental and six control *‘good learners’’ (3 
acquisition sessions during CRF learning), and group B, with 
nine experimental and nine control ‘‘poor learners’’ (5 ac- 
quisition sessions during CRF learning). This procedure also 
allowed us to see whether or not there was an interaction 
between drug treatment and CRF acquisition rate in dis- 
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FIG. 2. Percentage of animals reaching learning criterion during five 
CRF sessions. Third session: not one treated rat reached criterion 
Days 4 and 5: percentage of rats reaching criterion significantly 
lower in the treated than in the control group. *: p<0.10, **: p<0.01 
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FIG. 3. Acquisition of a discriminative task (bar press reinforced only during light-on). Left, except for the first four sessions, decrease of 
omissions (light-on periods without response), did not differentiate significantly between the two groups. Right, no significant differences in 
the total amount of bar presses during light-on and light-off period. *p<0.10. 
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criminative learning. The number of bar presses during ac- 
quisition of the discrimination showed a significant Group x 
Treatment interaction, F(1.26)=4.5, p<0.05. In group A, al- 
though the total number of bar presses by LVP rats was 
higher than that of control rats, this difference did not reach 
an acceptable level of significance. Whereas, in group B this 
number was significantly lower for LVP than for control 
rats, f=3.25, p<0.01 (Fig. 4). 


Experiment 2: (b) Effects of LVP Injections on Extinction of 
the Discriminative Task 

Effects of withdrawal of reinforcement on the extinction 
phase were readily seen. Although the total number of bar 
presses decreased, the proportion of light-on periods without 
responses increased. As can be seen in Fig. 5 the number of 
responses during light-on periods was not changed by treat- 
ment. However, the total number of bar presses by LVP rats 
was lower than that of control rats, with significantly fewer 
bar presses on sessions 6 through 8, f°’s=2.01, 2.20, 2.42, 
p’s<0.05. 


DISCUSSION 


The results obtained in this series of experiments may be 
summarized as follows: 

Firstly, a performance in appetitively reinforced tasks 
may be modified by posttrial injections of a lysine-vas- 
opressin dose which was demonstrated to modify the reten- 
tion of avoidance tasks. A very clear effect was found 
during acquisition of CRF stage when treated rats learned 
more slowly than control rats. This poor performance was 
directly and meaningfully related to a decrease in bar press- 
ing rate. 
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FIG. 4. Left, in ‘“‘good learners’’ group, the total number of bar 
presses during 12 sessions by LVP rats is higher than that of control 
rats. Right, the contrary is observed for ‘bad learners.” **: p<0.01. 


Secondly, in both acquisition and extinction of dis- 
criminative learning, the effects seemed also to be limited to 
a decrease in response rate. However, drug treatment did 
not modify the learning of the relationship between stimulus 
(light-on) and reinforcement since treated and control rats 
either increased their responses during light on period in 
acquisition, or decreased their responses during extinction, 
at similar rates. It seems difficult to draw a definite conclu- 
sion about the influence of vasopressin in this case because 
(a) the adoption of the optimal strategy (no omission during 
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FIG. 5. Extinction phase of the discriminative task. Left, increase in the difference of the number of light-on periods without responses during 
each session of extinction and the last three sessions of the acquisition. Right, decrease in the number of bar presses (difference between the 
number of bar presses during each extinction session and the number of bar presses on the last three sessions of acquisition). There is a 


difference between treated and control group. *: p<0.05. 
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light) occurs rapidly. Such a ceiling effect may mask the 
possible facilitative effect of vasopressin, and we need other 
experimental results on more complex tasks before to con- 
clude. (b) Vasopressin was found to have different effects on 
discrimination learning depending on the acquisition rate in 
the CRF task. In rats that had learned CRF readily (without 
LVP), LVP treatment during the discrimination tended to 
increase performance rates. However LVP treated rats in the 
CRF ‘‘poor learner’ group responded less frequently than 
those in the control group. (c) It is important to point out 
that, although we have chosen a dose which has been shown 
to be effective in other laboratories [8, 13, 19, 23], it is well 
known that several peptides induce a U shaped dose re- 
sponse in behavioral experiments, so it is possible that the 
right dose for improvement in appetitively reinforced task 
was not used. With higher doses injected | hour before test- 
ing, Hostetter ef a/. [22] and Sara er al. [27] were able to 
show facilitation of visual discrimination tasks in the rat. 

Thus, unlike in previous studies, we found a significant 
effect of posttrial injections of vasopressin on positively re- 
warded learning. This discrepancy in the results may be due, 
in part, to the use of bar pressing responses which may bring 
out an effect not seen in tests in which locomotor activity is 
studied [16,18] or with the use of T or Y mazes [6,21]. 
Moreover, food deprivation schedules used in our studies 
also differed from those used by other authors. Whereas, in 
our experiment, it was only introduced 24-hr before CRF 
training, Garrud e7 a/. [18] put their rats on deprivation two 
weeks before the start of the experiment. 

A problem which now arises is how this data can be inte- 
grated into the general literature about the effects of LVP on 
behavior. 


There seems to be a real contrast between the enhance- 
ment in retention after LVP injections described by De Wied 
and his colleagues and the deleterious effects revealed in our 
experiments. However it should be noted that enhancement 
in retention after LVP injections has been usually inferred 


from increased resistance to extinction. As _ already 
suggested, this resistance which may reflect a better reten- 
tion of a previously acquired task, may also be due to a 
deficit in adaptation to a change in task contingencies, i.e., 
withdrawal of reward. Furthermore, since generally De 
Wied used only ‘‘good learners’’ [13, 14, 15], eliminating 
thus, presumably “poor learners,’’ this selection alone could 
account for the observed discrepancies between his results 
and ours. In fact, we did find a significant interaction be- 
tween drug treatment effect and CRF acquisition rate. 

On the other hand, our data extend those described by 
Gold and Van Buskirk [21], who also found deficits but on a 


passive avoidance task in water deprived rats, though with 
much higher doses of vasopressin (1 1U) than those used by 
us. At the same time our results are not incompatible with 
those of Celestian ef a/. [9] and those of Bailey and Weiss 
[4,5] who showed that a deficiency of vasopressin in HODI 
rats may lead to an increase in a retention of a conditioned 
avoidance response. 

The data obtained shows that performance is modified 
under certain conditions. The lack of control groups injected 
either some hours after training or before retention test does 
not allow us to say that the posttrial impairment of memory 
provide direct and specific information about the consolida- 
tion of the underlying memory trades, especially in the light 
of the finding of de Wied that vasopressin may have behav- 
ioral effect for hours and even days after injections. 

More generally, the effects of vasopressin on acquisition 
and extinction found in the present study suggest that learn- 
ing Capacities ‘“‘per se’’ are not modified but, rather, that 
vasopressin injections seem to principally affect bar pressing 
rates. Similar selective effects on performance have been 
noted with more complex tasks like DRL 20 [1,2]. A lower- 
ing of bar pressing rates was also shown by Van Ree and de 
Wied [29,30] in a heroin self administration schedule but it 
was interpreted as a modulating effect on the efficacy of the 
reinforcer. One may suggest therefore, a likely effect of the 
drug on general activity, but in the literature, the data are 
contradictory: Garrud [19] did not observe any modification 
in bar pressing of deprived rats in a Skinner box. Hostetter 
[22] and Sara et al. [24] have shown that injections of vaso- 
pressin do not affect performance of food deprived rats in an 
open field. On the other hand, opposite results were found 
by Crine [10] who showed that LVP injections made rats 
more emotional than normal rats in an open field. Moreover, 
we have shown that LVP injections may also interfere with 
spontaneous behavior such as a free choice in a T-maze [3]. 

We can conclude from the literature and from this first 
series of results that the effects of LVP injection are variable 
and often contradictory. They differ according to the rein- 
forcement but also according to the nature of the response 
selected by the experimenter. Moreover it was shown that 
they depend on the injected dose, on differences in base line 
behavior, on age and strain [24 26]. Thus it seems prema- 
ture to consider LVP as an agent which selectively improves 
processes as complex and difficult to validly measure as 
**memory.”’ 
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CORBETT, D., A. LAFERRIERE AND P. M. MILNER. Plasticity of the medial prefrontal cortex: Facilitated acquisi- 
tion of intracranial self-stimulation by pretraining stimulation. PHYSIOL. BEHAV. 28(3) 531-534, 1982.—Prior electrical 
stimulation of the medial prefrontal cortex MFC facilitated the subsequent acquisition of intracranial self-stimulation 
(ICSS) from the same MFC electrode site. Stimulations that were spaced over a period of six days were more effective in 
producing this facilitation than the same number of stimulations delivered over a two day period. These data suggest that 
the rewarding effects of MFC stimulation may involve some process akin to the kindling phenomenon and as such may 


provide insights in the neuronal modifications thought to underlie learning and memory. 


Frontal cortex Kindling Self-stimulation 


RECENTLY, there have been a number of studies that have 
focused on the behavioral, electrophysiological and neuro- 
chemical properties of intracranial self-stimulation (ICSS) 
from the medial prefrontal cortex (MFC) [7, 9, 11, 12, 15, 
16]. Of particular interest have been the findings that ICSS 
from this cortical region has quite different characteristics 
than the majority of ICSS sites that have yet been studied. 
For example, the facilitatory effects of food deprivation, 
amphetamine and increases in current intensity of ICSS from 
other brain regions are well known [13]. Self-stimulation of 
the MFC appears to be little affected by any of these manipu- 
lations: amphetamine [9,14], food deprivation [4,10], or in- 
creases in current intensity [9,14]. 

Another noteable difference between MFC ICSS and 
ICSS from other sites is the rate of learning or acquisition of 
ICSS. We have noted that ICSS from the MFC is acquired 
slowly and actually develops or becomes strengthened over 
a period of days or weeks [5]. In fact, priming stimulations 
appear initially to produce very little effect except for occa- 
sional freezing or arrest of ongoing behavior. After a 
number of days of what seem to be futile attempts to shape 
the animals to lever press for MFC stimulation, they slowly 
begin to self-administer the stimulation. 

These observations suggested to us that the MFC stimu- 
lation was increasing in effectiveness over time, either as a 
result of sensitizing the neural circuitry involved in ICSS or 
perhaps as the result of an habituation to some unspecified 
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disruptive effect of the initial MFC stimulation. The gradual 
modification of behavior following repeated stimulation of 
the MFC is reminiscent of the kindling phenomenon [8] in 
which progressive modification of neurophysiological activ- 
ity and motor behavior occurs as the result of repeated elec- 
trical stimulation of various cortical and limbic loci. Thus, 
we sought to determine if the rate of acquisition of ICSS 
from the MFC could be hastened by subjecting the animals 
to prior stimulation of the MFC. 


METHOD 
Animals and Surgery 


Thirty male, Sprague-Dawley rats weighing from 250-350 
g at the time of surgery were implanted with 127 um bipo- 
lar stainless steel electrodes (Plastic Products, Roanoke, 
VA) under sodium pentobarbital anesthesia (60 mg/kg). The 
MFC coordinates derived from bregma with the incisor bar 
set at +5.0 mm above the interaural line were :A-P=+4.5 
mm; M-L=0.7 mm and depth=2.6 mm ventral to the dural 
surface. 


Apparatus and Testing 


Following a recovery period of at least three days, the 
rats were randomly assigned to one of three groups: 
(1) SPACED—these rats (N=10) received stimulation of 
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FIG. 1. The rate of acquisition of MFC ICSS expressed as the 
number of rats meeting the response criterion of 150 lever-presses 
per daily test session. 


the MFC at the rate of one train every 4 sec for 20 min daily, 
over a period of 6 days for a total of 1800 stimulations. The 
stimulation consisted of a 0.5 sec train of 60 Hz sine-wave 
stimulation delivered at a fixed current intensity of 40 uA 
(r.m.s.). Each rat received the stimulation non-contingently 
while in a rectangular wooden box (90 cmx45 cmx25 cm). 
At the end of this six day period the rats were placed in a 
wooden and Plexiglas chamber (25 cm x25 cm x25 cm) that 
had a Plexiglas lever (S cm 3.125 cm) located 3.75 cm above 
the wire mesh floor. The rats were tested for ICSS in daily 30 
min sessions which were initiated by placing the rat on the 
lever. The depression of the lever delivered a 0.5 sec train of 
60 Hz sine-wave stimulation at the same current intensity (40 
A, r.m.s.) as had been used when the rats received stimu- 
lation non-contingently (sensitization treatment). The num- 
ber of lever presses were recorded by mechanical counters. 

(2) MASSED—This group (N=10) received stimulation 
delivered automatically at the rate of one train/sec for 15 min 
per day for two days. Total stimulation=1800. The param- 
eters of stimulation and subsequent testing for ICSS were 
identical to those for the SPACED group. 

(3) CONTROL—These animals (N=10) were treated in 
the same manner as the SPACED group except that they did 
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FIG. 2. Location of the MFC electrode placements of the SPACED 
(M@); MASSED (@); and CONTROL (x) groups. 


not receive any stimulation of the MFC prior to training for 
ICSS. 

If after fifteen days of training, a rat did not press above 
the response rate criterion of 5/min (i.e., 150/30 min) it was 
considered to be a non-stimulator. Two rats in the MASSED 
group were excluded from the study for this reason. 


Histology 


Following the completion of behavioral testing the rats 
were deeply anesthetized with sodium pentobarbital (60 
mg/kg) and perfused transcardially with 0.9% saline followed 
by 10% Formalin. The brains were removed and were stored 
in the same fixative for at least 3 days prior to being sec- 
tioned at 30 wm in a cryostat. The sections were subse- 
quently stained with thionin or a neutral red-luxol fast blue 
counter stain before being examined in the microscope. 


RESULTS 


Figure | is a frequency histogram depicting the number of 
rats within each group that met the acquisition criterion of 5 
responses/min as a function of the number of daily 30 min 
test sessions. As can be seen from this figure, the SPACED 
group (Mean=2.0+0.39 days, S.E.M.) met the acquisition 
criterion sooner that either the MASSED (Mean=7.13+1.25 
days, S.E.M.) or the CONTROL groups (Mean=5.5+0.37 
days, S.E.M.). Mann-Whitney U tests attested to the relia- 
bility of these differences (SPACED vs CONTROL, 
U(10,10)=3.5, p<0.002, two tailed). The days to achieve cri- 
terion did not differ between the CONTROL and the 
MASSED groups, U(8,10)=30.5, two-tailed, N.S.). 

Histological examination showed the MFC electrodes to 
be within the area of the prefrontal cortex commonly re- 
ferred to as the prelimbic area (Beckstead, 1979). No sys- 
tematic differences in electrode placement among the 3 
groups of rats were evident (Fig. 2). 


DISCUSSION 


There are several possible explanations that might ac- 
count for the slow acquisition of ICSS from MFC electrode 
placements. First of all, the MFC stimulation may disrupt 
the sequencing of on-going behavior in such a way as to 
retard or otherwise interfere with the performance of lever- 
pressing. In support of this notion is the fact that MFC stimu- 
lation often elicits a freezing or arrest reaction. For example, 
it has been shown that stimulation of the frontal pole in rats 
suppresses lever-pressing for food reward [17]. If this were 
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the case then pretreatment with MFC stimulation should 
lead to habituation of these disruptive effects so that some 
facilitation of learning to lever-press for MFC stimulation 
should be evident. In this experiment two groups (MASSED 
and SPACED) of rats were given MFC stimulation before 
being tested for ICSS. Both of these groups received the 
same total number of stimulation trains to the MFC (1800), 
they differed only in that the SPACED group received the 
stimulation at the rate of one train every 4/sec, delivered 
over 6 days while the MASSED group were stimulated at the 
rate of one train/sec for 2 days. As can be seen from Fig. 1, 
the MASSED group were the slowest of all three groups to 
acquire MFC ICSS. This finding seems to rule out the 
possibility that a habituation process underlies the slow ac- 
quisition of MFC ICSS. 

Another way in which MFC stimulation might retard the 
acquisition of ICSS is by disrupting the animal’s learning 
ability. The slow acquisition of lever-pressing by the CON- 
TROL group, that did not receive any stimulation prior to 
being tested for ICSS, would at first seem consistent with 
this view. If this explanation were correct then a history of 
MFC stimulation delivered non-contingently to the rat 
should have no effect on the subsequent learning of a lever- 
press response when the MFC stimulation is self- 
administered by the animal. However, this was not the case 
since the SPACED group which had received MFC stimula- 
tion prior to ICSS testing displayed an enhanced acquisition 
rate of lever pressing compared to the non-stimulated CON- 
TROL group. Clearly then, MFC stimulation does not ap- 
pear to interfere with learning per se. 

Perhaps the most intriguing hypothesis that could account 


for the present findings is initially the MFC stimulation is 
only minimally rewarding. With repeated testing over days 
the effectiveness of the stimulation gradually increases 
above some threshold that is critical for the performance of 


lever-pressing. It may be that the MFC stimulation 
strengthens or modifies neural connections between the 
MFC electrode site and some other part of the reward sys- 
tem. Some caution must be exercised before accepting this 
hypothesis since the prestimulation delivered to the 
SPACED group could enhance the evolution of asymptotic 
response rates (a performance effect) rather than increasing 
the reward value of the stimulation. However, the motoric 
effects induced by MFC stimulation do not appear to 
undergo any modification with repeated testing over several 
weeks (Corbett and Stellar, in preparation). This finding 
does not lend support to the notion that pretreatment with 
MFC stimulation facilitates motor performance. 

In some respects MFC ICSS appears to involve neural 
processes similar to those that underly the kindling phenom- 
enon [8]. For example, MFC ICSS and kindling are both 
gradual processes whereby the ensuing behaviors increase in 
vigor with repeated electrical stimulation [7,8]. In addition, 


the development of these behaviors seems to depend upon 
the stimulation being delivered only at certain rates. That is, 
when kindling stimulation is repeated at shorter and shorter 
intervals the probability that convulsions can be triggered is 
reduced or prevented altogether [8]. Similarly in this experi- 
ment, MFC stimulation delivered at the rate of one train/4 
sec led to a more rapid acquisition of MFC ICSS than when 
the stimulation train frequency was increased to the rate of 
one/sec. 

Further, the kindling of motor seizures like MFC ICSS 
does not show graded changes in response to variations in 
current intensity. Thus with MFC ICSS the rate-intensity 
function reaches asymptote abruptly and remains nearly flat 
over subsequent increases in current intensity [7, 9, 14]. The 
analogies between kindling and MFC ICSS remain hypothet- 
ical, however, since no electroencephalographic recordings 
were taken in this study. In future studies it would be inter- 
esting to determine first if MFC stimulation produces after- 
discharge and second if this afterdischarge correlates with 
some characteristic of MFC ICSS. 

If the development of MFC ICSS involves some modifi- 
cation of the neural circuitry involved in reward it would be 
important to know where this modification is taking place. In 
this respect it is worth noting that similar plasticity has been 
observed with hippocampal ICSS [2,3]. Self-stimulation 
from this structure is acquired slowly, but like MFC ICSS, it 
can be facilitated by prior treatment with electrical stimula- 
tion. The stimulation parameters used to produce this poten- 
tiation of hippocampal ICSS are similar to the parameters 
used to produce potentiation in the perforant path-granule 
cell system [1,6]. It is tempting to speculate that the 
facilitated acquisition of MFC and hippocampal ICSS in- 
volve the modification of similar neural systems, however 
this hypothesis awaits further investigation. 

It is evident that the systems subserving MFC ICSS and 
ICSS along the medial forebrain bundle are quite different [5, 
9, 14, 15]. In fact, MFC ICSS is eliminated following tran- 
sections of fiber connections between the sulcal and the me- 
dial frontal cortices [5] whereas medial forebrain bundle le- 
sions have no effect on ICSS from this region. Perhaps one 
way to further delineate the systems that are involved in 
MFC ICSS would be to determine if prior stimulation at 
brain sites distal to the MFC would also facilitate acquisition 
of ICSS from the MFC. This approach may provide addi- 
tional information on the neural substrates of frontal cortex 
ICSS as well as those underlying learning and memory. 
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STEKLIS, H. D.,G. S. LINN, S. M. HOWARD, A. S. KLING AND L. TIGER. Effects of medroxyprogesterone acetate 
on socio-sexual behavior of stumptail macaques. PHYSIOL. BEHAV. 28(3) 535-544, 1982.—Two studies assessed (1) the 
effect of medroxyprogesterone acetate (MPA), Depo-Provera, on socio-sexual behaviors, and (2) the interaction between 
socio-environmental conditions and MPA treatment effects. Study One utilized two males and eight female members of a 
semi-free-ranging island colony. Females received 30 or 100 mg MPA IM or were untreated. Study Two used three 
laboratory-housed pairs of tubal-ligated females, observed during 30 min behavior tests with one of three males. Sexually 
preferred females received 30 mg MPA IM. Semi-free-ranging treated females received fewer ejaculations than untreated 
females and did not copulate for up to 68 days post-treatment. Rates of grooming were not affected. In the laboratory tests, 
mean rates of ejaculations per test were reduced for treated females but increased for untreated females, and untreated 
females groomed males more than did treated females. Contrary to previous studies, these results suggest that stumptail 
macaque sexual behavior can be influenced by hormones but this influence is modulated by socio-environmental factors. 
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THE intramuscular injection of the long-acting 
progestational compound Medroxyprogesterone-Acetate 
(MPA), Depo-Provera, is an effective means of contracep- 
tion in human females [20]. Although it is well known that 
this treatment suppresses ovulation [16], its effects on 
socio-sexual behavior have not been investigated in humans 
or other primates. 

A variety of studies on similar progestational agents, 
however, suggest that progesterone suppresses the display 
of primate sexual activity. In several Old World monkey 
species, luteal peaks in endogenous progesterone or daily 
treatment of ovariectomized females with progesterone are 
most clearly correlated with a decline in female sexual at- 
tractiveness to the male (see [4] for review). Similarly, in 
laboratory trios, treatment of a rhesus male's preferred sex- 
ual partner with progesterone produced a switch in his pref- 
erence for an untreated female [12]. Female behaviors also 
appear to be altered by progesterone, though less consis- 
tently. Rhesus females, for example, when required to lever 
press to release a male during different stages of their 
menstrual cycle, showed the longest mean latencies to re- 
lease when plasma levels of progesterone were highest [7]. 
Socio-sexual behavioral changes linked to progesterone tit- 
ers have also been demonstrated in free-ranging baboons 





[21]. In that study, ovariectomized females were given either 
separate silastic implants of oestradiol and progesterone 
(Provera) or of oestradiol alone. The progesterone implants 
were sufficient to induce deturgescence of the sex skin. 
Progesterone implanted females showed decreased prox- 
imity to males, and they groomed males less and females 
more frequently. Males showed less sexual interest in 
progesterone implanted females compared to females with 
oestradiol implants. 

For humans there are a few reports, although less consis- 
tent and often more difficult to interpret (see [3] for review), 
which suggest similar effects of progestational agents. 
Women taking oral contraceptives relatively high in 
progesterone, for example, were far more apt to complain of 
‘‘loss of libido’’ than women taking preparations high in es- 
trogen [14]. This type of effect would seem to be supported 
by a recent questionnaire study, which showed that a mid- 
cycle peak in the frequency of self-reported autosexual and 
heterosexual activity intiated by women not using oral con- 
traceptives was abolished in women taking (low estrogen) 
oral contraceptives [1]. 

The present set of studies was conducted to determine the 
influence of MPA (Depo-Provera) on sexual and related social 
behaviors of stumptail macaques (M. arctoides). Recently it 
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has been suggested that, in contrast to various other Old 
World monkey species, stumptail macaque sexual behavior 
is relatively insensitive to variations in either endogenous or 
exogenously administered hormones, including progesterone 
[4]. In laboratory test pairs or trios, females treated with a 
subcutaneous implant of progesterone did not exhibit signifi- 
cant changes in proceptivity or receptivity, nor were any 
changes apparent in male initiated sexual activity [23]. It is 
possible, however, as the latter investigators have 
suggested, that in this species time-limited laboratory tests 
did not provide optimal conditions for investigating hor- 
monal influences on behavior. Therefore, a second objective 
was to assess the influence of test conditions (or environ- 
ment) on the possible behavioral effects of MPA treatment. 
For this purpose the results of two studies were compared. 
In Study One, the behavioral effects of MPA were examined 
in a stable, semi-free-ranging island group, while in Study 
Two the effects on behavior were evaluated in time-limited 
tests of male-female trios. 


METHOD 
Study One 


Subjects and facilities. This study was conducted at the 
C. R. Carpenter Primate Center, a 0.70 hectare island facility 
in Bermuda (see [11] for further details). The study group 
consisted of 15 stumptail macaques: one (vasectomized) 
adult male, nine adult females, two juvenile males, one 
juvenile female, and two infants. Ten of the subjects were 
captive-born and five were wild-born. All had lived previ- 
ously in social colonies. The two infants were approximately 
five months old at the time of the first treatment phase. One 
adult female died six months after the study was begun; 
hence, her data have been excluded from analysis. 

Subjects were fed daily with Purina monkey chow, sup- 
plemented two times per week with fresh fruit, and fresh 
water was available ad lib. 

Study design. The study was carried out between April 
1978 and July 1979. The design of the study included four 
phases: During phase 1, baseline behavioral data were re- 
corded for all subjects. During phase 2, four of the eight adult 
females were treated with a single IM dose of 30 mg MPA 
(Depo-Provera, Upjohn). In phase 3, the four remaining 
females and one of the females treated during phase 2 re- 
ceived an IM injection of 30 mg MPA. During phase 4, all 
females were injected again, with four females receiving 100 
mg MPA and the other four (treated during phase 3) receiv- 
ing another 30 mg MPA. 

The 30 mg dose was chosen since it was known to sup- 
press estradiol surges in rhesus monkeys to values either 
below the range of normal menstrual cycles or similar to 
those found in very early follicular phases, with higher doses 
failing to cause greater suppression (K. Kirton, Upjohn Co., 
Kalamazoo, MI, personal communication). The 100 mg dose 
was selected in order to detect dose-dependent behavioral 
effects. 

The lengths of the treatment were set to fall within the 
range of ovulatory suppression obtained by Mora and 
Johanssen [18] in rhesus monkeys administered a single IM 
injection of 150 mg MPA. 

Behavior recording. Behavioral observation was begun 
1.5 months after the colony was established and the group 
appeared to have established stable social relationships. Two 
means of recording were utilized. One method consisted of a 
focal subject technique, whereby the observer sampled be- 
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havioral events initiated or received by successive focal 
animals for 10 minute sessions per animal. During each ses- 
sion, behavioral variables were scored as present or absent 
within 10-second intervals. Subjects were observed in ran- 
domized order, and, with the exception of the two infants, all 
subjects were observed on each observation day. The sec- 
ond method consisted of recording all occurrences of copu- 
lation. The all occurrence type of observations were con- 
ducted on an average of six days per week, excepting days of 
continuous or heavy rain. All observations were balanced for 
time of day for all phases of the study. 

Behavior. Although a variety of social and sexual behav- 
iors, based on Bertrand’s [6] ethogram for this species, were 
recorded, for the present purpose of comparison to the re- 
sults of the laboratory study, only ejaculation and grooming 
were analyzed. Grooming consisted of picking through the 
fur of another animal; ejaculation, preceded by mounting, 
vaginal intromission, and pelvic thrusting, was identified by 
a variety of postural, facial, and vocal signals that are char- 
acteristic for this species [8]. Mounting, intromission, and 
pelvic thrusting were not analyzed separately, as there were 
only four instances (3 in phase 4 and | in phase 1) in which 
these behaviors were not followed by ejaculation. Ejacula- 
tion and grooming data were analyzed for eight adult females, 
the adult male, and one juvenile male, aged 2-2'/2 years at 
the onset of the study, who also engaged in sexual interac- 
tions with three of the adult females. 


Study Two 


Subjects and housing. Four tubal ligated adult female 
(6.7-8.1 kg) and three adult male (16.9-19.5 kg) laboratory 
born stumptail macaques, all of whom had extensive previ- 
ous social experience, were individually housed under 
standard lighting and temperature conditions (12 hours light, 
21°C). Animals were fed Purina monkey chow daily, sup- 
plemented with fresh fruit, and water was available ad lib. 
One of the adult males had been castrated as an adult and 
was maintained on subcutaneous (infra-scapular) 75 mg tes- 
tosterone pellets (Oreton, Schering) given at 6-8 week inter- 
vals for the duration of the study. This treatment produced 
serum concentrations of testosterone, assayed for all males 
during the study, that were well within the range of variation 
for the two normal males (Mean and SEM ng/ml: 14.75+3.16 
for the castrated male, 11.37+1.9 and 16.72+2.8 for the in- 
tact males, based on six samples/male). 

Study design. At the onset of the study two pairs of 
females were formed on a random basis. Each male was 
observed with a pair during a 30 minute test session 3-4 
times per week for 12 weeks. All males were tested with a 
pair on a given test day, and the order in which pairs were 
tested and which pair was retested on a given day were var- 
ied systematically so as to yield a balanced design over the 
course of a week for number of tests/male/pair and number 
of retests/pair. All tests were conducted between 10:00 and 
16:00 hours, and a minimum of two hours elapsed between 
test and retest of a given pair. All tests for pairs | and 2 were 
conducted from October through April. 

At the completion of this test series, which consisted of 60 
and 57 tests over 12.5 weeks for pairs | and 2, respectively, 
females were assigned to treated and untreated groups. The 
female in each pair that received the higher mean rate of 
ejaculation from at least two of the three males was desig- 
nated the preferred female and was administered 30 mg MPA 
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IM, after which testing was resumed over 17 weeks for an 
additional 67 and 68 tests for pairs | and 2, respectively. 

Vaginal swabs, obtained from each female daily, allowed 
administration of MPA to each of the females at equivalent 
times of the menstrual cycle, which in this study was the 
onset of menses. Due to differences in the timing of the onset 
of menses, the preferred female of pair 1 was treated 12 days 
later than the preferred female of pair 2. For purposes of 
analysis, however, behavior tests for both pairs subsequent 
to treatment of the preferred female of pair | were consid- 
ered post-treatment tests. 

Subsequent to this test series, a third pair consisting of 
the two previously untreated females was formed. The same 
three adult males were tested with pair 3 as previously; how- 
ever, only one test/day, 7 days/week was conducted, such 
that each male was tested in the same order every third day. 
Following 36 tests (12/male) spanning five weeks, the pre- 
ferred female was again determined as previously and ad- 
ministered 30 mg MPA IM. This was followed by 32 post- 
treatment tests over 4.5 weeks. Testing had to be concluded 
at this time (despite the uneven number of tests/male, i.e., 11 
tests for each of 2 males and 10 tests for the third), because 
of severe aggression between females. This series of tests for 
pair 3 was conducted during the months of May, June, and 
July. 

Test procedure. The procedure for testing was identical 
for pairs |, 2, and 3. For a test session all subjects were 
transferred individually from their home cages in a small, 
portable transfer cage to a 1x2x1.5 m lexan chamber. The 
two females were released into the chamber, and after five 
minutes a male was introduced and behaviors that occurred 
between the male and any female were recorded for 30 min- 
utes. 

Behavior recording. All observations were conducted by 
one of three observers from behind a one-way mirror win- 
dow in a wall 1.5 m from the front of the cage. Behaviors 
were recorded using an all occurrence method on a 
standardized score sheet with the aid of timers and stop 
watches. 

Behaviors. Eleven sexual behavior and four social behav- 
ior measures were recorded, all of which were chosen from 
and defined according to previously published descriptions 
for this species [8, 13, 22, 23]. Four male-initiated sexual 
behaviors included frequencies of genital exploration, 
mount, intromission, and ejaculation. In addition, the la- 
tency to the first ejaculation, post-ejaculatory intromission 
duration, and lengths of the inter-ejaculation intervals were 
determined. Four female-initiated sexual behaviors included 
frequencies of male induced presentations, spontaneous pre- 
sentations, reachbacks during the mount, and withdrawal in 
response to sexual contact. The four social behaviors re- 
corded were frequency of male to female groom solicit, du- 
ration of female to male grooming, and frequencies of female 
to male fear grimace and male to female threat or physical 
aggression. 


Interobserver Reliability 


In Study One, the majority of the observations were col- 
lected by one observer. On those occasions when two obser- 
vers were present, the range of percentage agreement be- 
tween observers for all behavioral categories was 89-95%. In 
Study Two, the observations were made by one of three 
observers. The range of percentage agreement between ob- 


servers during sessions when all three scored 15 behavior 
variables simultaneously was 95-98%. 


Blood Sampling 


Study one. Blood samples for assays of serum concentra- 
tions of MPA were obtained from females at the end of an 
observation day by trapping them in a food-baited steel wire 
mesh holding cage, manually restraining them, and collecting 
5 ml of blood from the saphenous vein. All samples were 
centrifuged within 30 minutes of collection and serum 
aliquots were packed in dry ice for transport to the Rutgers 
Laboratory where they were stored at —40°C until assayed. 

The number of samples for each individual varied be- 
tween phases and treatment groups. From two to seven 
samples /subject, collected at irregular intervals during a 
given treatment phase, were obtained. 

Study two. Blood samples for serum progesterone assays 
were obtained from manually restrained females 2-3 times 
per week in the late afternoon following a test session. At 6-8 
week intervals, blood samples for serum testosterone de- 
termination were obtained from all males. Males were im- 
mobilized with 75 mg ketamine hydrochloride between 16:00 
and 18:00 hours and a 3-5 ml sample was collected by 
femoral venipuncture. Samples were allowed to clot over- 
night at 4°C and then centrifuged for serum assays of 
progesterone or testosterone. 


Hormone Assays 


Serum concentrations of MPA, progesterone, and testos- 
terone were measured by radioimmunoassay (RIA) proce- 
dures. The MPA-RIA was performed as described by Cor- 
nette ef al. [9], except that charcoal separation of free and 
bound steroid was used instead of the second antibody 
method, and initial incubation periods were reduced from 16 
to 2 hours at 4°C. Provera (medroxyprogesterone acetate 
(17a-acetoxy-6a-methyl progesterone)) and goat (#16) 
antiserum generated against Provera-3-BSA (O-carboxy 
methyl! oxime derivative) were obtained from Dr. Kenneth 
Kirton (The Upjohn Company, Kalamazoo, MI). Tritiated 
MPA (specific activity of 40.5 ci/m mole) was obtained from 
New England Nuclear and used without further purification. 
Samples collected in Study One during treatment phase 2 
were assayed together, and all samples collected during 
treatment phase 3 were assayed together. All samples were 
assayed in duplicate, from which the intra-assay coefficient 
of variation (C.V.) was determined. Any sample witha C.V. 
greater than 15% was reassayed. The assay sensitivity under 
these conditions was approximately | ng/ml, with a mean 
intra-assay C.V. of 11.6% and inter-assay C.V. of 14.5% 
(n=5). 

The progesterone RIA was performed with anti- 
progesterone-!la-BSA described by Powell et al. [19]. This 
antiserum did not cross-react with 20a OH-progesterone, 
showed minor cross-reactivity with 17a OH-progesterone 
(6.5%), but cross-reacted more readily with Sa-pregnane- 
3,20-dione (22.5%). The assay sensitivity was 0.8-1.2 ng/ml, 
with an intra-assay C.V. of 9.3% and interassay C.V. of 10% 
(n=10) as determined by repeated assay of the same serum 
sample. Approximately 2000 cpm *H-progesterone was 
added to all serum aliquots for monitoring extraction ef- 
ficiencies (mean recovery, 74%). All reported estimates have 
been corrected for recovery losses. 

Testosterone was measured by RIA_ using anti- 
testosterone-3-oxime-BSA antiserum (obtained from Dr. H. 
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TABLE 1 
EFFECTS OF REPEATED MPA TREATMENT ON EJACULATIONS RECEIVED BY FEMALES IN STUDY ONE* 





Experimental Phases l 
No. of Calendar Days 118 
No. of Observation Days 90 


132 
105% 


2 3 
84 
724 





Female 
6 0.04 + 0.02 
9 0.31 + 0.15 
10 0.13 + 0.10 
5 0.02 + 0.02 
11 0.13 + 0.08 
13 0.17 + 0.12 
14 0.47 + 0.17 


0.01 


0.15 
0.05 
0.22 
0.30 
0.26 


0 


+ 


+ 


+ 0.01 (TT) 
(TT) 
0.06 (TT) 
(T) 
(T) 
0.14 (T) 
0.08 (T) 


0.11 + 0.06 0.01 
0.60 + 0.17 0 
0.21 + 0.15 (T) 0.10 + 
(T) 0 


0.01 (T) 

(T) 
0.13 (T) 
0.05 0 
0.10 0 (T) 0 
0.13 0 (T) 0.30 + 
0.11 0.03 + 0.03 (T) 0.10 + 





*Mean + SEM of female/observation day are given. T=treatment with 30 mg MPA, TT 


mg MPA. 


treatment with 100 


‘Female 11 was observed for 114 days in phase 2 and 63 days in phase 3. 


Behrman, Yale Medical School) described by Auletta er al. 
[2]. The ethyl-ether serum extracts were not chromato- 
graphed prior to assaying with this antibody, which cross- 
reacted (55%) with Sa-dihydrotestosterone. Consequently, 
the testosterone estimates reported here include an unde- 
termined amount of dihydrotestosterone. Under these con- 
ditions, the sensitivity of the assay was approximately 5 
ng/ml, with an intra-assay C.V. of 7.8% (n=4) and a mean 
recovery (determined from serum extracts as previously ) of 
92.5%. 


Data Analysis 


Study one. The mean rate of ejaculation/observation day 
received by each female was determined from the combined 
focal subject and all-occurrence records. For the analysis of 
grooming behavior, rate/hour of focal subject observations 
was determined by counting the number of 10-second inter- 
vals in which grooming was recorded. This analysis was 
based on 50 hr (7 weeks), 60 hr (9 weeks), 60 hr (7 weeks), 
and 30 hr (6 weeks) of observations collected during phases 
1, 2, 3, and 4 respectively. MPA treatment effects were as- 
sessed with a single-factor General Linear Model Analysis of 
Variance (ANOVA) for repeated measures procedure, which 
compared group means for subjects who were either un- 
treated (i.e., 0 mg MPA, n=15), treated with 30 mg MPA 
(n=13) or 100 mg MPA (n=4) during any phase of the study. 
A second factor examined in the ANOVA procedure was 
time. In this analysis, differences between experimental 
phases (i.e., changes over time) in mean rates for all subjects 
during any one phase were evaluated. To assess the mag- 
nitude of subject differences, the ANOVA used subject as a 
main effect. p<0.05 served as the critical level of statistical 
significance. 

Study two. MPA treatment effects on mean rate or dura- 
tion/test of each of the male and female behavior variables 
were assessed by a two-factor General Linear Model 
ANOVA for repeated measures. Mean ejaculation rates 
were based on those tests in which one or more mounts were 
scored. Tests in which no mounts were scored were assigned 
missing values for ejaculation rates. The ANOVA procedure 
compared mean rates or durations for untreated vs. treated 


females of each pair (i.e., a treatment group factor) before 
and after treatment (i.e., phase factor). A_ significant 
(p <0.05) phase X treatment group interaction was consid- 
ered indicative of a treatment effect. When a significant in- 
teraction was obtained, one-tailed, dependent f-tests based 
on the mean square error from the ANOVA and degrees of 
freedom from the pooled error term were employed to assess 
the level of significance associated with the pre- to post- 
treatment changes for treated and untreated subjects. Be- 
cause of the slight differences in experimental design be- 
tween tests of pairs | and 2, and those of pair 3, the data for 
pair 3 were analyzed separately. An additional comparison 
was made in each pair, using a dependent /-test, between 
rates of ejaculation received from all males by the treated vs 
the untreated females before and after treatment. 


RESULTS 
Results of Study One 


Ejaculation. The effects of MPA treatment on rates of 
ejaculation/observation day received by each female are sum- 
marized in Table 1 (#8, who was treated with 30 mg MPA 
during phase 2 and with 100 mg MPA during phase 4, has 
been excluded from this table as no ejaculations were re- 
corded for her during any phase of the study; prior to the 
onset of the study she had given birth and was lactating.) 

ANOVA of ejaculation rates revealed significant differ- 
ences between the 0 mg, 30 mg, and 100 mg treatment 
groups, F(2,9)=7.84, p<0.01, and between female subjects, 
F(7,9)=3.22, p<0.05, but there were no differences in mean 
rates between phases, F(3,9)=0.96, N.S. Comparisons 
(Duncan’s Test) between mean rates (+SEM) of ejaculations 
received by females treated with 0 mg MPA 
(mean=0.18+0.04, n=15) vs 30 mg (mean=0.06+0.03, 
n=13) vs 100 mg (mean=0.03+0.02, n=4) showed that 
females treated with either 30 mg or 100 mg MPA received 
significantly fewer copulations than untreated (i.e., 0 mg) 
females; however, the difference in ejaculations received by 
30 mg vs 100 mg MPA treated females was not significant. 

During phases 2 and 3, treated females ceased copulating 
within the first day following injection and were not ob- 
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TABLE 2 
GROOMING FOLLOWING MPA TREATMENT IN STUDY ONE* 





Grooming Partners 


Treatment Groups Initiated 


Female to Female 


Received 


Female to Male 


Initiated Received 





+ 0.90 
+ 0.89 
3.53 


0 mg MPA (n=15) 5.73 
30 mg MPA (n= !3) 5.61 
100 mg MPA (n=4) 5.89 + 


4.60 + 
4.78 + 
5.64 + 


+ 0.15 
0.05 
0.13 


+ 0.40 28 
+ 0.30 10 + 
+ 0.83 28 + 


1.02 
0.83 
3.32 





“Mean 


--- 100 mg MPA (Phase 4) 
— 30mg MPA (Phase 3) 


SERUM MPA (ng/mi) 








n=3 
vfs 





T 


70 90 
DAYS POST-INJECTION 


FIG. 1. Serum MPA concentration in females following a 30 mg or 
100 mg MPA injection in Study One. Values obtained from more 
than one individual are indicated as means+S.E.M., n=number of 
subjects from which samples were obtained. 


served to copulate for a subsequent minimum period of 68 
and 62 days, respectively. During these periods copulation 
was observed with untreated females. During phase 4, when 
all females were treated, there were no copulations observed 
for 11 days post-injection. On day 12 the adult male copu- 
lated with female 10, who was chased, attempted to hide, and 
forcibly resisted. Copulation was not observed with any of 
the other females for a minimum period of seven weeks. 

It is of interest that these periods of ‘‘non-copulation”’ 
with treated females (excepting #10 during phase 4) approx- 
imate the periods from injection of MPA to its decline in 
serum to undetectable (phase 3) or minimally detectable 
(phase 4) concentrations (Fig. 1). 

Grooming. No significant differences were found be- 
tween 0 mg, 30 mg, or 100 mg MPA treatment groups in 
mean rates of grooming initiated, F(2,19)=0.33, N.S., or re- 
ceived by females, F(2,19)=0.13, N.S., nor did these two 
aspects of grooming behavior change significantly between 
phases, F(3,19)=1.74, N.S. MPA did not significantly alter 
male to female grooming rates, F(2,19)=2.69, N.S., nor were 
there significant differences between phases in this behavior, 
F(3,19)=1.18, N.S. Similarly, mean rates of female to male 


+ SEM of rate/hr of focal subject observations are given 
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Mean Frequency / Tests with Mounts 


FIG. 2. Grand mean+S.E.M. ejaculation rates/test received by 
treated and untreated females of pairs | and 2 and pair 3 from 3 


males in Study Two 


grooming were not significantly different between treatment 
groups’ F(2,19) N.S., nor between phases, 
F(3,19)=1.74, N.S. (see Table 2). 

MPA assay. The results of the assays for samples ob- 
tained from females treated with 30 mg or 100 mg MPA dur- 
ing phases 3 and 4, respectively, are illustrated in Fig. 1. The 
general temporal pattern of serum concentrations of MPA 
was similar for subjects treated with 30 mg or 100 mg, and 
the larger dose did not appear to produce higher serum con- 
centrations. MPA was detectable in serum within three days 
of injection and reached its highest concentration within two 
weeks. Thereafter, it declined to minimally detectable con- 
centrations within 90 days following injection. 


0.55, 


Results of Study Two 


Ejaculation. Of the sexual behavior variables recorded. 
only ejaculation rates were altered by treatment. As illus- 
trated in Fig. 2 and summarized in Table 3, mean rates of 
ejaculation received by treated females decreased or re- 
mained the same, while rates for untreated females increased 
in all pairs. This differential effect was reflected in a signifi- 
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TABLE 3 
EJACULATION RATES WITH TREATED AND UNTREATED FEMALES IN STUDY TWO 





Pair Male Female Pre-treatment 


Post-treatment % of Pre-treatment 





0.41 + 0.13 
0.77 + 0.13 
0.78 + 0.36 
2.67 + 0.36 


A 


B 


wee We WwW 


I+ © It I+ I+ 


0.26 


0.19 
0.43 
0.36 
0.11 
0.14 


NAN AN A 
I+ I+ I+ 1¢ 14 © 


0.38 
0.60 
0.43 
0.34 
0.50 
0.30 


1.44 
1.60 
1.57 
3.45 
0.50 
3.18 


I+ I+ I+ I+ I+ I+ 


aK he he 


0.28 307 
0.21(T) 91 
0.36 285 
0.26(T) 75 
0.20 

0.30(T) 


0.12 
0.19(T) 
0.35 
0.30(T) 
0.40 
0.15(T) 


0.22 
0.26(T) 
0.53 
0.46(T) 
0.22 


0.26(T) 


I+ I+ I+ I+ I+ 14 


I+ It I+ I+ 1+ I+ 


\+ 


I+ It I+ I+ I+ 





Data are given as mean + SEM /test in which | or more male-female mounts were scored. 
(T)=values following treatment with 30 mg MPA. 


cant phase x treatment group interaction for pairs | and 2, 


F(1,464)=29.23, p<0.0001, and pair 3, F(1,85)=32.66, 
p<0.0001. The mean decrease in ejaculations received by 
treated females was significant for pairs | and 2, 1(464)=1.67, 
p<0.05, and pair 3, 1(85)=3.82, p<0.0005, as was the mean 
increase in ejaculations received by untreated females of 
pairs 1 and 2, 1(464)=—6.13, p<0.0005, and pair 3, 
1(85)=—3.13, p<0.002. 

MPA treatment did not, however, significantly alter 
ejaculation partner preferences. Before treatment, all males 
showed the highest ejaculation rates with the same females 
of pairs 1 and 3, and two males exhibited the highest rates 
with the same female of pair 2 (Table 3); however, in none of 
the pairs were differences in ejaculation rates between pair 
members significant (dependent t-test). Although post- 
treatment mean rates of ejaculation received by untreated 
females from all males combined were higher than mean 
rates received by treated females in all pairs (Fig. 2), only in 
pair 3 was this difference significant, 1(2)=21.54, p<0.002. 

Grooming. Of the four social behavior measures, only 
mean duration of female-male grooming was altered by MPA 
treatment (Fig. 3 and Table 4), indicated by a significant 
phase X treatment group interaction for pairs | and 2, 
F(1,4)=9.38, p<0.05, and pair 3, F(1,124)=12.78, p<0.0005. 
Relative to pre-treatment values, mean durations of male 
directed grooming were lower for treated females of pairs | 
and 2, 1(4)=16.37, p<0.0005, and pair 3, 1(124)=3.04, 
p<0.002, while untreated females showed higher mean du- 
rations in both pairs | and 2, 1(4)=—9.97, p<0.0005, and pair 
3, 1(124)=—2.08, p<0.02. 

Progesterone assay. The effect of MPA on serum concen- 
trations of progesterone and vaginal bleeding of females in 
pairs 1, 2, and 3 are illustrated in Fig. 4, 5, and 6, respec- 


FEMALE -MALE GROOMING 
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ioe Pair 3 
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FIG. 3. Grand mean+S.E.M. female to male grooming duration/test 
for pairs 1 and 2 and pair 3, in Study Two. 





Mean Minutes / Test 





tively. Progesterone peaks preceding menstruation, evident 
before treatment, were abolished for approximately 100 days 
following treatment. Although vaginal bleeding was not ob- 
served for a period of 55-85 days following treatment, its 
resumption preceded the re-establishment of progesterone 
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TABLE 4 
FEMALE TO MALE GROOMING IN STUDY TWO 





Pair Male Female Pre-treatment Post-treatment % Pre-treatment 





7.27 + 1.99 
13.67 + 2.03(T) 
2.80 + 1.04 
13.58 + 1.35(T) 
8.86 + 2.02 
11.62 + 1.86(T) 


A 


B 


we We Ww = 


0.33 + 0.32 
19.23 + 0.98(T) 
12.61 + 1.26 
1.68 + 1.13(T) 
4.29 + 1.40 
12.84 + 1.58(T) 


NaN aN S 


13.62 + 2.05 
2.36 + 1.47(T) 
4.92 + 1.60 
4.45 + 1.95(T) 
7.58 + 2.26 
8.95 + 3.17(T) 


a-—- aS Re 





Mean duration (min) + SEM/test are given. (T)=values following treatment with 30 
mg MPA. 
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FIG. 4. Serum progesterone concentrations of treated (top) and un- 

treated (bottom) females of pair 1 in Study Two. Vertical broken line 

indicates injection of 30 mg MPA. Horizontal broken line indicates FIG. 5. Serum progesterone concentrations of treated (top) and un- 
minimum assay sensitivity. Vertical arrows indicate onset of vaginal treated (bottom) females of pair 2 in Study Two. See Fig. 4 for more 
bleeding. complete explanation. 
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FIG. 6. Serum progesterone concentrations of treated (top) and un- 
treated (bottom) females of pair 3 in Study Two. See Fig. 4 for more 
complete explanation. 


peaks. By contrast, cyclicity in progesterone concentrations 
and vaginal bleeding in untreated dyad members were unaf- 
fected. 

DISCUSSION 

These studies indicate that MPA treatment of females re- 
sults in significant alterations in male copulatory behavior, 
concomitant with changes in treated females’ hormonal 
state. Thus, combined rates of copulation for the two males 
in the island group were significantly reduced with both 30 
mg or 100 mg MPA treated females compared to rates exhib- 
ited with untreated females. Copulation was in fact not ob- 
served with treated females for 62-68 days during treatment 
phases when untreated females were present; these periods 
of non-copulation with treated females correspond to the 
length of time for which MPA was detectable in serum. 
Grooming rates were not altered after MPA treatment of 
females in the social group. 

In Study Two, males tested with female pairs also showed 
alterations in copulatory behavior following MPA treatment 
of preferred sexual partners, but, in contrast to Study One, 
the change was specific to ejaculation rates, i.e., other as- 
pects of copulation, such as mounting, were unaffected. 
There was an overall trend to show decreased ejaculation 
rates with treated females (in 7 of 9 possible male-female pair 
combinations), while ejaculation rates exhibited with un- 
treated pair members increased. Despite these overall 
trends, however, a significant preference switch was ob- 
tained in only one of the three female pairs. Furthermore, 
with the exception of one of nine male-female pair combina- 
tions, treated females groomed males less than before treat- 
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ment, while untreated females groomed males more than 
during pre-treatment tests. Behavioral changes occurred 
concomitant with the abolition of progesterone peaks (for 
about 100 days) and absence of vaginal bleeding (for about 
55-85 days) in females following MPA treatment. 

To the extent that male ejaculatory performance with a 
female is an important index of her sexual attractiveness (cf. 
[5]), the results of both studies indicate that MPA treatment 
has a specific influence on female sexual attractiveness. In 
the laboratory trios, other behavioral measures commonly 
considered as indicative of female receptivitiy (i.e., male- 
induced presents, withdrawal, and _ reachbacks) or 
proceptivity (i.e., spontaneous presents) were unaffected by 
MPA treatment. 

Consideration of the hormonal changes following MPA 
treatment suggests that the specific alterations in female 
sexual attractiveness are related to MPA suppression of 
normal ovarian function. The serum concentrations of 
progesterone noted in Study Two at near or below detectable 
values (i.e., 1 ng/ml) for approximately 100 days indicate that 
in the stumptail macaque a single 30 mg IM injection is ef- 
fective in inhibiting ovulation for at least three months. This 
observation is supported by previous studies of MPA effects 
on ovulatory activity in the rhesus macaque [18] and in 
women [15]. In rhesus monkeys, a 150 mg IM injection sup- 
presses ovulation and post-ovulatory rises in plasma levels 
of progesterone for a period ranging from 101 to 233 days 
following injection, and plasma concentrations of MPA are 
detectable for a period of 70 to 105 days post-injection [18]. 
In that study, vaginal bleeding was not observed until 86-174 
days post-injection. In the present studies the 30 mg and 100 
mg injections produced similar patterns of serum MPA con- 
centrations (Fig. 1), and 30 mg MPA resulted in an absence 
of vaginal bleeding that is well within the range reported after 
150 mg MPA in rhesus monkeys. Thus, 30 mg MPA appears 
to be as effective as higher doses in inhibiting ovulation. 

It is therefore likely that in the stumptail macaque, as in 
other Old World monkeys, inhibition of ovarian activity can 
reduce female sexual attractiveness. The mechanisms re- 
sponsible for this behavioral effect, however, must at pres- 
ent remain speculative. For rhesus monkeys it appears that 
exogenous progesterone alters female sexual attractiveness, 
perhaps by antagonizing the facilitatory effect of estrogen on 
production of a vaginal substance which normally regulates 
tactile or olfactory qualtities (see [4] for review). Further 
studies are needed to determine the effects of MPA-estrogen 
interactions on peripheral tissues. 

A comparison of the results of the two current studies 
also indicates that environmental conditions at testing 
greatly influence the effects of MPA on sexual behavior. In 
the time-limited laboratory tests sexual attractiveness of 
MPA treated females was not consistently reduced and when 
a reduction was noted, it was not to the same degree (i.e., 
cessation of copulation) as that observed for treated females 
in the social group. In neither setting, though, did MPA 
treatment alter overall rates of ejaculation, and rates with 
untreated pair or group members were generally unaffected 
or enhanced. In the female pair tests, MPA failed to alter 
significantly behavioral measures of sexual attractiveness 
other than ejaculation (e.g., mounting), whereas in the island 
group mounting, in addition to ejaculation, was altered, as 
during the entire study there were only four instances where 
ejaculation did not follow mounting. 

A further difference between the two studies was in the 
MPA effect on grooming rates. Grooming was not affected in 
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the island group, while most treated female pair members 
exhibited decreased male-directed grooming. It is likely that 
this difference is a consequence of the highly restricted ac- 
cess to the male allowed females in the time-limited tests. 
Grooming opportunities for females were generally re- 
stricted to periods immediately following ejaculation, during 
which time the male and his sexual partner were likely to 
prevent the other female from gaining access to him for 
grooming by joint threats and/or aggression (personal obser- 
vations). In the island group, by contrast, female to male 
grooming was an index of both non-sexual and sexual rela- 
tionships. Thus, while MPA disrupted sexual associations in 
the social group, it failed to alter non-sexual, affinitive ties as 
reflected by grooming behavior. 

While spatial limitations of the laboratory testing en- 
vironment, reducing opportunities for evasion of males, may 
have contributed to MPA’s failure to modify male ejaculat- 
ory patterns as significantly as in the semi-free-ranging en- 
vironment, it is likely that the difference between the two 
test settings in time available for socio-sexual contact be- 
tween males and females is a more critical determinant of 
sexual behavior in this species. Support for this hypothesis is 
provided by the recent observation that heterosexual pairs of 
laboratory-housed stumptail macaques, whose sexual activ- 
ity was evaluated during daily 20 min tests, showed constant, 
high levels of sexual activity when the pair could not see, 
touch, or smell each other between pairings; however, when 
continuous sight, touch, or smell was possible for pair mem- 
bers by housing them in adjacent cages between tests, the 
number of ejaculations per test declined significantly [17]. 
Variation in the amount of time males and females have ac- 
cess to each other could affect, for example, male sensitivity 
to changes in female behavioral-physiological state (e.g., 
odor or tactile qualities of peripheral tissues), or male-female 
dominance relationships. The latter is a particularly good 
possibility for further study, as copulation has been noted to 
serve social functions in addition to reproduction (e.g., [6]). 

This interpretation could explain the apparent differences 
in results obtained in the present studies and those of other 
investigators. Although Slob er a/. [23] failed to find any 
changes in heterosexual interactions after treatment of sex- 
ually preferred females with a subcutaneous implant of 


progesterone, males were observed with females only once 
per week during a 15 minute test session, while in the tests 
used in the present study males had access to a particular 
female pair for a total of 60-90 min/week. Although studies 
which systematically vary the time parameter of the test 
situation have not been conducted, it is noteworthy that in a 
recent study of heterosexual interactions in pairs of 
stumptail macaques housed together continuously, constant 
monitoring revealed a decrease in male initiated sexual be- 
havior in one pair after the female became pregnant [24]. 
Similarly, in the study of stumptail pairs tested daily [17], 
one male, whose behavior was followed after three concep- 
tions with two different females, showed diminished sexual 
interest within a few weeks of conception in the absence of 
any observable change in female behavior. Such observa- 
tions support the view that high serum progesterone concen- 
trations are associated with lowered female sexual attrac- 
tiveness when males are familiar with females. 

Finally, the present data indicate that, contrary to previ- 
ous suggestions [4, 22, 23], stumptail macaque sexual behav- 
ior, like that of other macaques, is sensitive to changes in 
female ovarian status. This is consistent with studies on the 
sexual behavior of the stumptail’s close genetic relative, the 
Japanese macaque (M. fuscata), which displays similarities 
with other macaques in the influence of endocrine status on 
male and female sexual behavior (e.g., [10]). 
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HOYENGA, K. B. AND K. T. HOYENGA. Gender and energy balance 


Sex differences in adaptations for feast and 


famine. PHYSIOL. BEHAV. 28(3) 545-563, 1982.—According to this theory/review, the cross-culturally common finding 
of more women than men among the obese is at least in part a consequence of sex differences in evolutionary selection 
pressures. James and Trayhurn claim that the propensity to obesity is linked to the ability to survive a fast and both may 
involve reduced heat production. The present theory extends this relationship to sex differences in energy balance 
According to the theory proposed here, mammalian females were subjected to more severe selection pressures during times 
of short food supply than males were and hence females were under more pressure to evolve mechanisms to facilitate 
survival during famine, which led to sex differences in obesity. The data relevant to sex differences in starvation survival, 
obesity and heat production, and the possible evolutionary roles and implications of sex differences in chromosomes and in 
organizational and activational sex hormones are reviewed. The conclusion is that evolution has created a linkage between 
sex chromosomes, hormones and energy balance, and this linkage is at least in part responsible for the greater resistance of 
the female to famine and for her greater tendency to become obese in times of feast. 


Gender and energy balance Sex hormones 


OBESITY has been labeled as one of the biggest health prob- 
lems facing our society today. This health problem may af- 
fect up to 20% of the population of the United States, and 
excess weight may be associated with an excess death rate of 
up to 188% of that for same-aged, normal weight people 
[136]. This health problem affects women more often than 
men, especially after the age of 40. The preponderance of 
women is especially marked at all ages in the so-called 
‘**super obese”’ category [163,210]. 

Saying that women more often than men either overeat or 
are underactive are the usual reasons offered for this sex 
difference. But many recent surveys of eating have shown 
that at least some obese human subjects don’t eat more than 
their same age controls (e.g., [98, 163, 178]). Consequently, 
some of these studies have attributed the obesity of their 
subjects and thus the greater obesity in women to a low 
activity level. However, the activity differences found be- 
tween obese and normal weight people do not seem calorical- 
ly sufficient to explain the difference in weight, since activity 
‘*costs’’ more calories the more the person weighs [50], and 
obese people often have higher resting metabolic rates than 
do lean people, corresponding to their increase in lean body 
tissue (e.g., [97]). Furthermore, obesity occurs in genetically 
predisposed strains of rodents even when their activity and 
food intake are matched to those of their lean controls [4,18]. 

Thus, sex differences in obesity may be due to something 
other than sex differences in gluttony or sloth. This paper 


Obesity 


Starvation 


presents a theory of sex differences in obesity, relating this 
difference to sex differences in evolutionary pressures lead- 
ing to differences in resistance to starvation. Because of sex- 
ually dimorphic evolutionary pressures, females more than 
males evolved ways to conserve calories, such as reduced 
heat production. But this increased ability to withstand star- 
vation extracted a price: a propensity to obesity in times 
of abundant food supplies, or in times of feast. These sex 
differences in energy balance, initially created by the sex dif- 
ferences in evolutionary selection pressures, are carried out 
by the sex differences in chromosomes and in hormones. 


GENDER, ENERGY BALANCE AND EVOLUTION 


The sexes of many mammalian species differ in the evo- 
lutionary selection pressures that were placed on them, both 
because of sexual selection and because of sex differences 
in reproductive roles. These pressures may have led to sex 
differences in energy metabolism, heat production, obesity 
and starvation-resistance parallel to the effects these selec- 
tion pressures have had on sex differences in body size. 


Sex Differences in Selection Pressures 

Sex differences in morphology or behavioral biases can 
arise through either sexual or natural selection (e.g., 
[93,197]). Natural selection refers to being able to pass on 
one’s genes to future generations not only by surviving until 
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breeding age, but by being able to successfully perform one’s 
reproductive role. Sexual selection refers to being able to 
pass on one’s genes by successfully persuading a member of 
the opposite sex to engage in reproductive activities, either 
because of a successful competition within one’s own gender 
for mates or because an individual has features which are 
especially ‘‘attractive’’ to the opposite sex. The more that 
the reproductive roles of the genders differ, then the more 
that natural selection pressures on the genders will also dif- 
fer. Also, if one gender when compared to the other tends to 
be either consistently more ‘‘choosy”’ in selecting a mate or 
consistently more competitive for mates, then the sexes will 
also differ in terms of the amount of sexual selection pres- 
sures exerted on them. Both of these types of differences in 
selection pressures could create or exaggerate sex differ- 
ences in body size. 

Sex differences in size. In those mammalian species in 
which there is a large difference in reproductive role, there is 
usually also a large sex difference in size [27, 133, 174, 193, 
197]. This is especially true of the polygamous species. The 
female reproductive role usually involves pregnancy, lacta- 
tion and caretaking. The male reproductive role may involve 
competition for territory and/or a mate (e.g., bears, pheas- 
ants, stags, sea lions), and may also include group defense 
(e.g., lions, baboons, gorillas). In these types of species, the 
male is generally larger than the female, since size confers 
greater advantages for the male’s reproductive roles than for 
those of the female. Thus, larger males will be more likely to 
pass on their genes to future generations, but this would be 
less true for large females. 

Sexual selection may also play a role in sex differences in 
size. It seems as though females do most of the sexual select- 
ing in a wide variety of species, including rats [45] and some 
primates [7]. And among mammals, it is often the case that 
the female seems to prefer the larger, stronger, more aggres- 
sively active male [93]. And mammalian males more often 
than females engage in intrasexual competition for mates. 

However, there may also be sex differences in energy 
metabolism in addition to the sex difference in size, as im- 
plied by much of what was stated above. Among many spe- 
cies, including woodchucks [42], cattle [12], sheep [56], 
swine [177] and primates [93] the male is not only larger than 
the female, but he also has a larger muscle to fat ratio. Thus, 
the sex difference in basal metabolic rate (BMR) is greater 
than would be predicted just on the basis of the sex differ- 
ence in size alone. Males may also be more adaptated for 
brief, intense energy expenditures [212], which is also con- 
sistent with the sex differences in reproductive roles. 

Sex differences in starvation resistance. Both being larger 
and having a higher BMR per unit of body weight means that 
the mammalian male needs more food per day than does the 
female. Thus, if each sex had access to equal amounts of 
food, the female would be able to live longer in times of short 
food supply. The evolutionary impact of this can be under- 
stood in terms of the relative importance of the survival of 
males compared to females for the continuation of genes 
carried by various members of the species. Since one male 
can fertilize many females, the more often a species is ex- 
posed to famine, the more likely it is that genes which favor 
an unbalanced sex ratio of deaths from starvation will appear 
in future generations. Such genes might be related to muscle/ 
fat ratios, but genes directly affecting starvation metabolism 
might also be differentially selected for in females. 

The sex differences in reproductive role are also impor- 
tant here. Since the female’s role involves caretaking—a 


HOYENGA AND HOYENGA 


very energy consuming activity, especially when pregnancy 
and lactation are considered [49, 149, 174]}—her ability to 
withstand short food supplies would be very beneficial to the 
survival of the offspring dependent on her and thus to the 
continuation of the genes they carry. In times of short food 
supply, the male of a typical polygamous mammalian species 
must survive only until mating, but the females must survive 
until the offspring are independent. In fact, if many males 
died shortly after mating under such conditions, the survival 
of their offspring and thus their genes would be facilitated by 
the reduced competition for the available food supplies. The 
longer the dependency period of the offspring, the more im- 
portant this selection pressure would be for sex differences 
in starvation resistance. Thus, genes which increase resist- 
ance to starvation may have been more strongly selected for 
in females than in males. This may be especially true for 
those species in whom greater male dominance meant that 
males got a disproportionate share of the available food 
supplies [44]. 

Species differences. These selection pressures and hence 
sex differences would vary from species to species. Among 
species where the males took on a larger proportion of the 
infant caretaking role, sexual dimorphism of energy balance 
mechanisms would be minimized. Among monogamous 
mammals, where sex differences in reproductive role were 
often minimized, so were sex differences in body size and 
body composition; females in some of these species today 
may even be larger than the male, as is the case in many 
species of birds. And in species where the male takes on the 
bulk of the caretaking, sex differences may even be re- 
versed. For example, among penguins, the male incubates 
the eggs, and he fasts until the eggs hatch. In this species, the 
male also has the greater proportion of the body as fat [151]. 

Thus, for some species, evolutionary pressures working 
at the genetic level might have caused some of the genes 
favoring survival during starvation to become sex-linked (on 
the sex chromosomes) or sex-limited (hormonal) because of 
the sex differences in the impact of the evolutionary pres- 
sures. But among species which had little or no sexual selec- 
tion for size and which had only small differences in repro- 
ductive role, sex differences in energy balance mechanisms 
would be minimal. 


Heat Production 


Heat production may be linked to both starvation resist- 
ance and to the propensity to become obese. Thus, the sex 
differences in selection pressures for survival during starva- 
tion described above may have created sex differences in 
heat production and obesity. 

The calories available in a diet can be used for protein 
gain, fat gain or heat production [101]. In turn, total heat 
production is the sum of the heat of basal metabolism, the 
heat generated by voluntary activity and the heat increment, 
where heat increment refers to what others have called the 
specific dynamic action of food or dietary thermogenesis. 

Obesity and heat production. Jenkins and Hershberger 
[101] applied this caloric analysis to weight gain in genetical- 
ly obese rodents. These animals can become obese even on 
restricted diets or even when their intake is matched to that 
of pair-fed controls [4,18]. Jenkins and Hershberger pointed 
out that the daily heat increment of genetically obese Zucker 
rats was equal to that of the lean Zucker rats even though the 
obese rats ate more. This means that per calorie eaten, the 
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obese rats used less of it for heat production, particularly for 
heat increment, and more of it for fat deposition. 

So a reduced heat production is characteristic of the ge- 
netically obese rodent. These rodents also show a greater 
drop in body temperature with a given decline in environ- 
mental temperature than do their lean counterparts [18] and 
are more likely to die of hypothermia during cold stress 
[134]. The obese rodent’s reduced cold tolerance appears 
before the hyperphagia and obesity actually develop, as 
early as day 17 or 22 of life [109,214]. Thus, the decreased 
cold tolerance precedes the obesity and so cannot be a result 
of it. 

Despite having higher BMRs caused by the enlargement 
of the lean body mass, several studies have found evidence 
of reductions in some types of thermogenesis in obese hu- 
mans. Jung and his co-workers [106] assessed thermogenesis 
by noradrenaline injections; these injections increased both 
lipolysis and heat production in fatty tissues. These re- 
searchers found that the thermogenic response to noradren- 
aline in both obese subjects and in normal weight subjects 
who had once been obese was smaller than in normal weight 
people. This was interpreted by Jung and his colleagues as 
indicating a lower maintenance energy requirement and 
hence an increased dietary efficiency in obese subjects. Simi- 
larly, a period of cold exposure which increased heat pro- 
duction as measured by metabolic rate in normal weight 
human females did not increase heat production in obese 
females [102]. Finally, the thermogenic effect of oral glucose 
was significantly less in a group of obese subjects than in 
their normal weight controls [172]. 

There is another possible thermogenic effect in obesity, 
one related to the increase in heat production seen after sev- 
eral days of overfeeding in normal weight volunteers [62]. 
The increase in heat production produced by overfeeding 
could be the combined effect of an increase in resting me- 
tabolism and an increase in heat increment [203], and this 
increase could be defective in obese organisms. However, 
some people doubt that any increase in heat increment with 
overfeeding actually exists (e.g., [160]). 

Starvation resistance and heat production. These defects 
in thermogenesis would mean increased fat deposition under 
conditions of overfeeding, and decreased cold tolerance. But 
an organism with one or more of these possible thermogenic 
defects would also be more likely to survive in times of 
‘‘famine.”’ 

So starvation resistance and propensity to obesity may 
have evolved in tandem, and both tendencies may involve 
reduced heat production. For example, expending calories 
eaten as heat would not be beneficial if food supplies were 
short. But genes favoring increased food efficiency (de- 
creased heat production), such as the ones seen in the obese 
strains of rats and mice, would not only lead to an increased 
likelihood of survival in times of ‘‘famine’’ [17, 28, 35], but 
would also lead to obesity in times of ‘‘feast’’ [98]. In ro- 
dents, even the heterozygous state which leads to only a 
slight increase in body fat over the homozygous lean state [4] 
and a slight decrease in body temperature during cold expo- 
sure [109], may still confer dramatic survival benefits during 
starvation [28]. 


THEORY: GENDER AND FEAST VS FAMINE 


The selection pressures favoring the survival of obesity- 
promoting genes in human and rodent populations may have 
been similar to those creating the sex differences in starva- 


tion resistance. Both may have been selected for by periods 
of reduced food supply. In fact, the claim that obese strains 
of mice are more resistant to starvation is paralleled by the 
claim that females of many species are also better able to 
withstand starvation than are males [228]. 


Sex Differences 


The present theory extends this hypotheses and the data 
summarized above to sex differences in energy balance. Be- 
cause of sex differences in natural and sexual selection pres- 
sures, the female of many mammalian species, including the 
human, may have become more adapted to survival in times 
of short food supply. This also means that females would be 
more likely to develop obesity, if ability to withstand starva- 
tion involved decreased thermogenesis as hypothesized 
above. 

The rest of this paper presents the data on sex differences 
relevant to this hypothesis. Human data, wherever available, 
are emphasized. Most of the rest of the available data have 
come largely from rodent studies; this is unfortunate be- 
cause, for reasons which will be described and documented 
later, among rodents the female does not have a greater pro- 
portion of the body as fat. Data from pigs, another omnivor- 
ous species with a high and sexually dimorphic body fat 
content and high resistance to starvation would be useful 
[91,217]. 


Predictions 


The specific sex differences predicted by the theory and 
the reasons for each prediction will be described and docu- 
mented below. 

(1) Obesity. Females of many species, including the hu- 
man, should be more susceptible to various types of obesity. 
This follows logically and directly from the theory as de- 
scribed above, and would include obesity induced by genetic 
predisposition, by diet and by brain damage. 

(2) Starvation. Females should be better able to resist 
starvation. This too follows directly from the theory and 
from the hypothesized sex differences in selection pressures. 
As a corollary, dieting human females should also find it 
harder to lose weight and to keep weight off once it has been 
lost. 

(3) Heat production. There should also be sex differences 
in the ability to produce heat and therefore sex differences in 
dietary thermogenesis and/or in cold tolerance for the rea- 
sons outlined above. 

(4) Body fat and heat loss control mechanisms. If the 
sexes are found to differ in heat production, then there might 
also have evolved sex differences in mechanisms to control 
heat loss. If females have less heat production capacity than 
do males, then females could be more sensitive to or less 
tolerant of cold than are males because of their lesser cold- 
induced heat production capacity. However, if sex differ- 
ences in heat production evolved early, then there could 
have been later evolutionary developments in females which 
would compensate for their lesser heat production. That is, if 
females’ cold tolerance were impaired by a decrease in heat 
production capacity, then the females of nontropical species 
would have been under more pressure than males to evolve 
specialized mechanisms to cope with cold. 

The nature of mechanisms which have been evolved to 
cope with a cold environment do depend upon the ecological 
niche of the species. The increased deposition of white fat in 
any species is one strategy for coping with a cold environ- 
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ment, and increased heat production capacity is another. 
Thus, some species have adapted to cold by adding insulating 
layers of white fat, and others have adapted by increasing 
thermogenic capacity. Which strategy is more effective de- 
pends in part upon the amount of evolutionary pressures 
created by period of starvation. If the evolutionary history of 
a species had involved recurrent periods of reduced food 
intake where animals had to live at least partially off their 
endogenous stores, insulation would have been a more 
adaptive response to cold than would increased thermo- 
genesis. The fat would have facilitated survival both in the 
cold and during starvation. On the other hand, if food sup- 
plies had been typically abundant, then increased thermo- 
genesis would have been the more effective response to cold 
since this would not have involved an increase in weight to 
be carried around. Thermogenesis would have also reduced 
the likelihood of periods of overeating leading to obesity and 
further reductions in mobility and endurance. 

If present day females had been relatively more affected 
by starvation pressures than were males, then females of 
many nontropical species today might be relatively closer to 
the insulation end of the cold-adaption continuum. Males 
would be relatively closer to the increased heat production 
end. This would mean that females of many mammalian 
species would have developed a higher white fat/muscle ratio 
than males. 

However, there are mechanisms other than body fat 
which can be used to cope with cold. Increasing heat pro- 
duction by increasing activity levels could also have evolved 
in females to compensate for a reduced heat production ca- 
pacity, though this would have been adaptive only if food 
supplies had been typically more abundant. Thus, in some 
species today, the female might be more active; this would 
help her to compensate for reduced thermogenesis, and it 
would also help to reduce obesity in times of abundant food 
supplies. 

However, as implied by the above discussion, species 
differences in sexual dimorphism of body fat are expected to 
be rather large. Some species evolved in the tropics, and so 
would not have been affected by the insulation-heat produc- 
tion continuum of adptation to cold. This would tend to min- 
imize present day sex differences in body fat under condi- 
tions of adequate food supply in nonobese organisms of 
these species. In other species for which fur or feathers pro- 
vide good insulation, sex differences in normal body fat 
might also have not developed. Nevertheless, these fur- 
bearing and tropical species would still expected to show the 
same sex differences in heat production and starvation- 
resistance predicted for other species because of the sex 
differences in starvation selection pressures. But in these 
species the decreased heat production of females relative to 
males would show up as a sex difference in body fat only 
under conditions that significantly increased total body fat, 
or which produced actual obesity. Such conditions would 
include genetic predisposition, fat-inducing diet and brain 
lesions. 

Thus, sex differences in heat production would lead to 
sex differences in other areas, depending in part upon the 
species’ ecological niche. Sex differences in heat loss control 
mechanisms might be seen in some nontropical species, such 
as the development of an increased amount of insulating fat 
in the females of some species. Heavily-furred species or 
tropical species are expected to show other types of sex 
differences, such as in activity levels. 

(5) Physiology. There should also be consistent sex dif- 
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ferences in the physiology of energy production and storage; 
in particular, there should be sex differences in metabolic 
responses to ‘‘feast’’ and ‘‘famine.’’ There should be sex 
differences, for example, in whatever aspect of physiology is 
responsible for both dietary thermogenesis and for heat pro- 
duction in cold environments. If James and his colleagues 
[106] are correct in attributing these functions to brown fat, 
then the sexes should differ in brown fat, either in its amount 
or in its metabolism. 


Overview 

The data relevant to each of these areas of predicted sex 
differences are summarized in the next section of this paper. 
Thus, sex differences in obesity, starvation resistance, heat 
production and heat loss are reviewed. There are other sex 
differences in energy balance mechanisms which are not re- 
viewed here, however. For example, female rats have a 
greater circadian rhythm in food intake than do males [154]. 
There are also sex differences in food aversions and food 
preferences (e.g., [93]) that are undoubtedly relevant but 
which are not surveyed here. Finally, only a few of the pos- 
sibly relevant sex differences in physiology are reviewed. 

The last section of this paper summarizes possible causes 
of the sex differences. While the distal cause might have 
been selection pressures, the proximal cause must be sought 
elsewhere. Some possibilities include: sex-linked genes; the 
effects of sex differences in circulating levels of hormones 
(activational effects of hormones); sex differences in the 
structures of the brain and other organs concerned with en- 
ergy balance because of sex differences in the level of sex 
hormones which were present during the perinatal period of 
life (inductive or organizational effects of hormones); and in 
the case of humans, the contributions of culturally defined 
sex roles. 


SEX DIFFERENCES IN ENERGY METABOLISM 
Obesity: Sex Differences in Response to Conditions of Feast 


The theory predicts that females more than males will 
develop obesity under conditions of feast. For only three 
species does extensive data exist: mice, rats and humans. 
Therefore this section concentrates on the pertinent data on 
the development and incidence of obesity in these three 
species, with only a mention of other species. 

Dogs. Krook, Larsson and Rooney [120] looked at the 
prevalence of diabetes and obesity among 10,993 canine nec- 
ropsies done between 1930 to 1957. Among the group diag- 
nosed as being obese without having diabetes were 12% of 
the males and 20.8% of the females. Even this probably un- 
derestimated the sex difference, since diabetic dogs were not 
included in the above percentages, and both obese and fe- 
male dogs were over-represented among the diabetics. Using 
the authors’ figure of 60% of the diabetics who were also 
obese, and adding these numbers to the obesity figures, the 
revised figures indicate that 12.6% of the males but 23.7% of 
the females were obese at death. Unfortunately, the propor- 
tion of lean or obese female dogs which were spayed was not 
mentioned. 

Dietary obesity in Rodentia. One way of looking for sex 
differences in obesity is to feed both genders an obesity- 
producing diet and measure weight gain. Sclafani and Gor- 
man [192] fed male and female CFE rats a varied assortment 
of highly palatable supermarket food for a 60-day period. 
Males gained more weight than females did on this diet, but 





GENDER AND ENERGY BALANCE 


weight gain was also expressed as a percent of the weight 
gained by the chow-diet control groups (E/C ratio). One 
group of young supermarket-fed females gained 170% more 
weight than did their controls during the first 60 days of the 
supermarket diet, while the males gained only 32% more 
weight. This led Sclafani and Gorman to conclude that die- 
tary obesity was more pronounced in females, despite the 
fact that the Lee Index of obesity (body weight'/nasoanal 
length) in supermarket-fed males was slightly higher than 
that of the females. Similarly sexually dimorphic responses 
to diet have been found [16] among mice. Female mice fed 
animal or vegetable fat diets, or sucrose plus fat diets all 
weighed more than those fed a laboratory chow diet. Among 
males, diet had no significant effect on body weight by three 
months of age. 

However, some researchers using genetically lean strains 
of rats have not found any sex differences in dietary obesity. 
Several studies have found no sex difference in percent body 
fat even among rats fed a high fat diet [101,189]. In one study 
[100], when male and female rats were fed a high fat diet, 
each gained 11% more weight than did control rats on chow. 

Some of the variability in results may be due to differ- 
ences in dependent measures. Body fat increase, percent 
weight increase relative to that of controls, and percent 
weight increase relative to pre-diet baseline may each lead to 
different conclusions (e.g., [107,191]). For example, in the 
study cited above [100] in which males and females had 
equivalent percent weight gains, the percent body fat was 
higher in females. 

Other studies have found females to gain more weight 
than males on a fat-producing diet only when percent of gain 
relative to weight gained by the controls was compared 
[128]. Young, Nance and Gorski [236] looked at weight gain 
over a 19-day period and found that fat-fed females gained 
29.9% more weight than their chow-fed controls (a signifi- 
cant difference), whereas males gained only 12.9% more 
weight than did their controls (a nonsignificant difference). 
The sex difference in the effect of the diet on weight was 
seen despite the fact that males fed the fat diet consumed far 
more calories during those 19 days (1974.47) than did the 
chow-fed males (1651.87), whereas there was little difference 
between the chow-fed (1278.65) and fat-fed (1252.57) 
females. 

Tissue site of fat deposition and type of diet used may also 
contribute to variability in the effect of gender on body fat or 
weight gain. Male and female mice differ as to which adipose 
tissue site is most affected by a high-fat diet [128]. The 
supermarket diet used by Sclafani and Gorman [192] con- 
tained a high level of carbohydrates as well as fats and this 
may be the reason for the sex difference in E/C ratios of 
weight gain [101]. 

The most important factor in sex differences in dietary 
obesity seems to be strain. The sex difference in the percent 
of weight gain of fat-fed rats compared to grain-fed rats has 
been found to vary according to strain [189]. The Osborne- 
Mendel strain showed the largest sexual dimorphism, with 
E/C ratios of 62.1% vs 37.6% for females and males, respec- 
tively. Several other strains showed reduced or even re- 
versed sex differences. 

Thus, sex differences in weight gain on obesity-producing 
diets are not universally seen. The differences are likely to 
appear only in strains already predisposed to obesity. Using 
carbohydrates as opposed to fats may enhance sex differ- 
ences on an obesity-producing diet. Finally, the type of de- 
pendent measure used seems important, with percent total 


body fat and percent weight gain relative to pre-diet levels 
being less likely to be sexually dimorphic. Calculating the 
increase in weight from the beginning to the end of the diet, 
and comparing the increase shown by the control to that 
shown by the experimental group (E/C ratio) seems more 
likely to show sex differences, usually because of the sex 
differences in the weight gains shown by the control groups. 

Genetic obesity in Rodentia. A sex difference in percent 
of body fat can also appear when a genetic predisposition to 
obesity has increased body fat in both sexes. Only among 
obese strains of rodents have females been found to consis- 
tently have a greater percentage of body fat; this is especially 
true once the females have gone into continual estrous 
[10,68]. Since the sexes did not reliably differ in percent 
body fat among lean strains, the genetic predisposition cre- 
ated a sex difference in body fat in favor of females. Jenkins 
and Hershberger [101] also found greater body fat in female 
rats only in the Zucker obese and not in the Zucker lean 
strain. Females of obese strains of mice (ob/ob) have been 
found to be more variable in BMR than males were [109], 
which could mean that more females than males among these 
strains might become ‘‘super obese’’ with age. 

Obesity due to brain lesions. Lesions of certain areas of 
the brain have also been found to increase body fat. The 
reasons for these effects are not discussed here. Instead, 
only sexually dimorphic effects of lesions upon food intake 
and body fat are reviewed. 

To a large extent, the literature on the effects of ventro- 
medial hypothalamic (VMH) lesions supports the idea that 
the female is more apt to become obese. If experimenters 
compared the weight gain after post weaning VMH lesions to 
the weight gain seen in the control animals (E/C ratios), then 
female rats had larger ratios than the males [32, 58, 110, 175]. 
Similar sex differences have also been reported in monkeys 
[75], in a bird [121], and in mice after gold thioglucose injec- 
tions [188, 211, 235]. However, these experiments also found 
both male and female rats usually gained the same amount of 
weight after VMH surgery, and that the percent weight gain 
over prelesion levels was often not significantly different be- 
tween the sexes. Thus here, as was the case for gender ef- 
fects on dietary obesity, sex differences depended on the 
way the data were analyzed [32, 58, 110, 175]. 

Sexually dimorphic effects have also been seen when the 
hypothalamus was damaged in other ways or places. Knife 
cuts through the perifornical region posterior and lateral to 
the VMH markedly increased food intake and weight gain 
but only in females [70]. Parasaggital knife cuts that, among 
other things, severed the parventriculo-supra-optico-hypo- 
physeal projections produced weight gains that did not differ 
between male and female rats; however, the E/C ratio was 
higher for the females, as was the Lee Obesity index [65]. 
Isolation of the medial basal hypothalamus also produced 
higher Lee indexes and E/C ratio in females than in males 
[176]. 

Lesions of other areas of the brain have also produced 
sexually dimorphic effects. Lesions of the septal area have 
been reported to increase food intake only in female and not 
male rats [116], and to increase body weight more in females 
than in males [204]. 

Obesity in Homo sapiens. Since women of normal weight 
have a greater proportion of their body mass as fat than men 
do, this complicates surveys of sex differences in obesity. 
Being overweight just implies weighing more than the aver- 
age for a certain age-height-gender group, but obesity implies 
that too much of the body mass is fat tissue. And either 
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weight or body fat standards will differ for women as op- 
posed to men because of sexually dimorphic height and body 
fat content. 

However, almost all weight surveys done in almost every 
country have found women to be more often obese than men 
at all ages. This sex difference has been found to be especial- 
ly marked in the so-called ‘‘super obese’’ weight categories. 
This sex difference has apparently been present for many 
generations, and so surveys which have used normative 
weights as a baseline (obesity being any deviation from this 
previously determined baseline or gender-age average 
weight), sometimes have found no sex differences [94,115]. 
This would be expected if the normative weight for women 
already represented a mild degree of obesity. But even in 
these latter studies, the so-called super obese were largely 
female. Other reviews and surveys, using Metropolitan life 
tables of desirable weights and/or estimates of body fat all 
have found women more often than men in all categories of 
obesity [1, 34, 53, 66, 136, 178, 195, 198, 228]. 

Some details of this sex difference would be helpful. Wid- 
dowson [228] estimated, based on surveys of obesity in vari- 
ous parts of the world, that ‘‘about twice as many women as 
men are 20% or more overweight”’ (p. 179). Researchers and 
reviewers have claimed that after puberty the sex difference 
in obesity tended to increase with age [1, 195, 210]. Other 
studies have found that among preadolescents, females also 
had the highest prevalence of super obesity (e.g., [115]), and 
this extreme obesity was more persistent in them than in 
boys [145]. The sex difference was exaggerated among 
blacks [163,210]. Obesity in females has also been reported 
to have a stronger genetic basis than in males [220]. Surveys 
have also found that sex differences in obesity differ as a 
function of sociological variables, but these data are sum- 
marized later. 

Some researchers have claimed that obesity has less 
harmful health consequences for females than for males [94, 
108, 210]. These sex differences in the consequences of obe- 
sity would be predicted if the sex difference in adaptation for 
famine led to a sex difference in response to feast; if this 
latter sex difference had been expressed often enough in 
evolution, females might have evolved methods for compen- 
sating for the negative effects of obesity. 

However, other reviews and surveys have not found a 
marked sex difference in the risks associated with obesity 
(e.g., [163]. One long-term prospective study examined mor- 
tality as a function of self-reported weight [136]. The mortal- 
ity ratios (number of deaths in overweight group/number of 
deaths in the average weight group) were nearly identical for 
men and women at all degrees of overweight. The optimal 
weight for men was in fact the average weight for each height 
and age group, while the optimal weight for women was in 
the range of 80-89% of the average. This could suggest that 
average weights for women may in fact represent a degree of 
obesity. If that is the case, and the mortality ratios for 
women were adjusted on that basis, then overweight women 
might actually have had lower mortality ratios than men. 

Summary. Sex differences in obesity among rodents are 
far from universal. However, they are sometimes seen, and 
when they are, it is almost always in the direction of greater 
obesity and/or increase of body fat in the female, especially 
among the genetically obese strains and especially when a 
carbohydrate diet is used. The same sex difference is seen 
after obesity-producing brain lesions. Among humans, the 
greater frequency of obesity seen in the female seems to 
transcend culture and time. The sex difference is increased 
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by age and is most dramatic in the most extreme categories 
of obesity. Females may be less harmfully affected by being 
overweight, but this point requires much more theoretical 
and experimental attention. 


Food Deprivation: Sex Differences in Response to Famine 


As a consequence of sex differences in sexual and natural 
selection pressures, females may have evolved mechanisms 
which enable them to better withstand reduced food sup- 
plies. These mechanisms could include but would not be 
limited to sex differences in heat production. Genes leading 
to diabetes may also increase resistance to starvation 
[25,28], and more women than men are also diabetic (e.g., 
[216]). 

This section of the review concentrates on sex differences 
in length of survival with total food withdrawal, and sex 
differences in responses to various degrees of food depriva- 
tion. Sometimes both types of deprivation have similar ef- 
fects on the organism, such as the decrease in BMR and 
body temperature seen with starvation in rodents and dieting 
in humans [5, 97, 226]. But often the two procedures have 
different effects. In the case of complete starvation, the or- 
ganism must meet the stress entirely by shifts in metabolic 
processes, such as by decreasing metabolic rate and chang- 
ing metabolic pathways to better utilize fat stores for fuel, 
thereby conserving protein. In the case of restricted feeding, 
the organism can meet the stress in part by undergoing these 
changes but also by changing the way that the foodstuff itself 
is metabolized, as by becoming more efficient in food me- 
tabolism [238]. 

Starvation. Widdowson [228] cited a large number of her 
studies concerned with the physiology of starvation to sup- 
port her conclusion that females resist starvation better than 
males do. For example, in one study, she exposed young and 
older male and female rats to complete starvation for six 
days and found that, compared to control subjects’ weights, 
both sexes when starved lost weight equally [229]. However, 
males lost 16% of their body protein, compared to 8% for 
females, and males lost 19% of their body fat compared to 
the 37% for the females. Putting it another way, of the energy 
for living under conditions of total starvation, for males 33% 
of it came from body protein compared to 8% for the 
females. For the younger rats, the sex differences were in the 
same direction but much smaller. Younger rats also lost 
more weight than did the older rats. 

Triscari, Bryce and Sullivan [215] looked at the effects of 
gender on responses to starvation in old lean and obese 
Zucker rats. Contrary to Widdowson’s conclusions, the only 
animals to die from a 12-day fast were females (from the lean 
strain)! However, the Triscari data were re-analyzed by us 
So as to indicate the approximate difference in carcass con- 
tent of lipid and protein between fed and 12-day fasted rats. 
Similar to Widdowson’s [228] data, the ratio of lipid to pro- 
tein lost through fasting depended upon gender in both the 
lean and obese strains. Among lean rats, the ratio of lipid to 
protein lost in grams was 1.16 for males and 3.26 for females; 
among obese animals, the ratios were 1.40 for males and 2.07 
for females. Thus, proportionately more of the females’ en- 
ergy supply during starvation came from fat stores. Perhaps, 
as Triscari and his co-authors pointed out, the lean groups 
may have differed in the proportion of each which was 
heterozygous for the fatty gene (which confers starvation 
survival benefits) and this may account for the unexpected 
sex difference in survival. 
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Some preliminary but supportive data have been reported 
by studies of starvation in normal weight humans. Eleven 
male and eleven female volunteers were subjected to a 
three-day fast [21]. During the fast, the subjects’ blood and 
urine samples were analyzed. From the ratio of urinary ke- 
tones to urinary nitrogen, women were apparently cataboliz- 
ing relatively more fatty tissues and men relatively more 
protein. Even when equated for insulin levels (which gener- 
ally fall more in women than in men with fasting), women 
also have a more rapid rise in blood levels of free fatty acids 
and ketone bodies with starvation, reflecting lipid catabolism 
[147]. According to Marimee et al. [147], this sex difference 
could not be accounted for solely in terms of the greater fat 
content of women’s bodies. The greater ketosis of women 
could also spare protein, since ketosis decreases amino acid 
efflux from muscles. 

Sex differences in metabolic responses have also been 
observed among obese humans during a fast. Runcie and 
Hilditch [187] studied 58 obese females and 18 obese males 
throughout a 30-day fast. Up to day 14, males lost both more 
weight and a greater percent of initial body weight. After that 
day, males lost more weight per day, but the percent loss 
was the same for both sexes. Weight loss in females was also 
more variable than the loss in males. By day 30, males were 
catabolizing 2,690 kcal per day and females were cataboliz- 
ing 1,680. Consistent with other studies, males catabolized 
more lean body mass, but this was true only for the first part 
of the starvation period. Nevertheless, since all subjects in 
this study were obese and thus were likely to have adapta- 
tions for famine, sex differences would be expected to be 
minimal. 

If there is a greater loss of protein with starvation in the 
male, this might lead to greater vulnerability to disease or to 
organ failure. A 50% loss of protein is thought to be incom- 
patible with survival. Widdowson’s data concerning sex dif- 
ferences in survival during undernutrition, and subsequent 
causes of death, support this reasoning. 

Food restriction. Widdowson [228] also concluded that 
‘the female is better able to withstand a shortage of food 
than the male” (p. 175). She cited data to prove this point 
from her experience with undernutrition in Germany in 1946 
and 1947. She said that the majority of the people adversely 
affected by undernutrition during the war were male (60% of 
those affected were male). 

Widdowson [228] also subjected 10-day-old pigs to a pro- 
gram of undernutrition. The program was so severe that the 
pigs weighed only five to six kilograms by one year of age. At 
that time, 87% of the females were still alive compared to 
only 22% of the males. The deaths during undernutrition 
were due largely to disease and probably also to heart failure. 

Similar sex differences are seen in the effects of starva- 
tion on growth in male and female mice from five to nine 
weeks of age [146]. The animals were allowed to feed ad lib 
or else were restricted to 83% of the ad lib group’s intake. 
The difference in weight at nine weeks between the re- 
stricted and ad lib groups was 2.5 times greater in the males 
than in the females. 

Again, as in total starvation, Widdowson [228] found that 
the sexes met the stress of deprivation in somewhat different 
ways. Undernourished male rats derived 34% of their energy 
from body protein, compared to 8% for females. Similarly, 
limiting the mother’s food supply during pregnancy and lac- 
tation has been reported to decrease muscle weight only in 
male offspring [92]. These data suggest that the sex differ- 
ence in survival involves more than just the greater energy 
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demands of the male which are the consequences of his 
larger size and greater muscle mass. 

Widdowson [228] also found that the sexes differed in 
their response to unlimited food after a period of restriction. 
Female rats eventually caught up to normally fed littermates 
but the males did not. And only female pigs often became 
obese during refeeding after an extensive period of severe 
deprivation. 

Among humans, food restriction has been rather consis- 
tently reported to have a greater and more permanent effect 
on physical growth in males than in females, with a very few 
exceptions [55]. If physical development was delayed by ad- 
verse conditions, then normal growth was resumed by fe- 
males sooner than by males [95]. Hall [73] recently examined 
sex differences in size in seven nineteenth century northwest 
coast populations in British Columbia. Secular changes af- 
fected males more than females such that sexual dimorphism 
increased as the average size of the male increased. In gen- 
eral, therefore, growth processes in males have been found 
to be more vulnerable to environmental changes than are 
those in females. 

If women have in some way been affected by natural 
selection pressures so as to be more resistant to food restric- 
tion, then they should also find it harder to lose weight with 
dieting. Stuart and Jacobson [210] summarized the results of 
seven studies concerned with treatment effectiveness in 
obesity, none of which they claimed found any sex differ- 
ences. However, rather dramatic differences can be found 
[162]. Males and females who had completed a behavioral 
obesity treatment program were studied. ‘‘Males demon- 
strated a significantly greater weight loss than did females an 
absolute body weight, weight change, percent change in 
body weight, and the Reduction Index’’ (p. 167). Further- 
more, at follow-up nine to fourteen months later, females 
had regained nearly all of the weight they had lost, but males 
had not. An analysis of covariance, with pretreatment weight 
as the covariant, left the sex difference intact. 

Other researchers have found sex differences in the ef- 
fects of food restriction in areas other than just body weight 
and survival. Among rats subjected to undernutrition by un- 
derfeeding their mothers during both pregnancy and lacta- 
tion, males had more severely damaged cerebellar lobes 
[105]. Only in males did undernutrition interact with rearing 
condition in determining the age of onset of sexual activity 
[76]. Even maze learning and active and passive avoidance 
were found to be adversely affected by early malnutrition 
more in male than in female rats [6,142]. 

However, the sex difference in the effect of undernutri- 
tion may be more reliably seen in growth parameters than in 
behavioral measures [227,232]. More work is needed here, 
work that considers the possible effects of the estrous cycle 
upon all of the types of dependent measures, and work which 
uses magnitude of effect statistics to compare males and 
females. 

Other types of nutritional stress. Some other sex differ- 
ences in adaptations to nutritional stress have also been 
noted. Forced or free exercise is a stress that leads to a 
decrease in body weight on/y in male, and not in female rats; 
only females compensate for exercise stress with hyper- 
phagia [155,159]. Other research has found that female rats 
increased their daily food intake in response to diet dilution 
more than males did, and so body weight was less affected in 
females [156]. A period of deprivation also has been found to 
have a more immediate effect and more durable after effects 
on food motivation in female than in male rats [224,234]. 
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Behavioral differences have also been observed. Several 
researchers suggested that when any type of sex differences 
were to be found, hunger decreased exploratory types of 
activity in females in nonfood environments (which would 
conserve energy) but the opposite effect was typically ob- 
served in males [131, 132, 213, 233]. Hoarding can also en- 
able a species to cope with periods of reduced food supplies 
[42], and there have been sex differences reported here as 
well, though the differences may vary with strain [141]. 
Female rats hoarded food when not deprived, while in males 
hoarding appeared only after deprivation [82]. 

These data all suggest a better defense of body weight in 
the female than in the male in response to a variety of nutri- 
tional stresses. This possibility was previously suggested, in 
a somewhat different context, by Nance and his co-workers 
[157]. 

Brain lesions and weight loss. There are sex differences in 
the effects of brain lesions upon weight loss. After bilateral 
lesions of the lateral hypothalamus (LH), body weights of 
males were found to be permanently depressed, whereas 
females (at least if maintained on a highly palatable diet) 
showed an initial weight loss followed by a period of hyper- 
phagia and an eventual recovery to control group weight 
levels [31,153]. Similar sex differences were also seen after 
unilateral LH lesions [13]. 

Bilateral pallidal lesions have also been found to produce 
greater weight loss and even higher mortality in males. This 
sex difference was eliminated by neonatal castration. The 
sex difference in the effect of pallidal lesions probably did 
not involve sex differences in thyroid activity [72], though 
the difference may have involved the adrenal gland [71]. 

Bernardis [14] found that dorsomedial hypothalamic le- 
sions (DMNL) led to hypophagia and weight loss. The effect 
of the lesion in the male rat was ‘‘similar to, but more pro- 
nounced (than) that observed in the female DMNL rat” 
(p. 1163). 

Summary. Though the evidence in places is as yet in- 
complete, the female of at least some species is better 
adapted to resist the effects of total starvation and restricted 
food intake. Obese female humans may also find it harder to 
lose weight than do obese males. Females also defend their 
body weight better against many other forms of nutritional 
stress, including brain lesions. Thus, the female may more 
often become obese in times of feast but may also be better 
able to cope with famine, both as predicted by the theory. By 
much more data on species other than rodents, swine and 
homo sapiens are needed. 


Heat Production 


If predisposition to obesity implies not only greater adap- 
tation to starvation but also a reduced capacity to produce 
heat as described in the introduction, then the sexes might 
also differ in heat production. Two areas which might show 
sex differences would be in dietary thermogenesis and in 
heat production in response to cooling. 

Sex differences in body temperature. Females have a 
greater body temperature than males do, but only during the 
early light portion of the diurnal temperature cycle [118]. 
This sex difference in ad lib body temperature may be related 
to the greater food efficiency of the genetically lean male 
compared to the female rat (e.g., [11,101]). 

Sex differences in dietary thermogenesis. In this area, 
very little effort has been made to look for sex differences. In 
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some studies of dietary thermogenesis in humans both sexes 
were used, but sex differences were not examined in any 
systematic way (see [228]). One study [164] did examine sex 
differences in oral temperature responses to breakfast in 
humans. Only females showed dietary thermogenesis. The 
failure to detect dietary thermogenesis in males when other 
experimenters have done so (see [62]), makes the sex differ- 
ences in this experiment difficult to interpret. Also, oral 
temperature is not a completely adequate index of heat 
production. 

One study looked for sex differences in heat production in 
lean and in genetically obese Zucker rats (fa/fa). There was 
no evidence of a sex difference in either heat production or 
dietary thermogenesis even though obese females had more 
body fat and less body protein than did obese males [101]. 

One possibility that ought to be kept in mind is that gen- 
der may interact with activity levels and with the type of diet 
used to measure dietary thermogenesis. Experimental over- 
feeding of a high carbohydrate has been found to lead to an 
increased body temperature in male human volunteers, an 
effect that was not seen with a high fat diet [203]. Another 
study found that exercise training in rats increased dietary 
thermogenesis but only when the subjects were fed a high 
carbohydrate as opposed to a high fat diet [63]. Finally, two 
studies suggested that among genetically lean rats, fat diets 
may be more efficient (more fat producing) than carbohy- 
drate diets, as suggested by the data cited above, but this 
was true only for adult males and not for adult females (Table 
II in [138]; Table 6 in [101)). 

Another possible direction to take is to follow the lead of 
Rothwell and Stock [182, 183, 184]. Since James and Tray- 
hurn have proposed (e.g., [106]) that reduced dietary and 
cold produced thermogenesis in brown fat is a major con- 
tributing factor to obesity in both human and rodent, Roth- 
well and Stock’s research indicating that dietary obesity in 
rats increases brown fat and therefore increases metabolic 
rate is particularly intriguing. In humans, both an elevated 
metabolic rate and an increase in dietary thermogenesis have 
been found after overfeeding for a period of days [5, 62, 203, 
208]. Does brown fat increase the least with overfeeding in 
those subjects for whom white fat increases the most? And 
does this mean that the greater increase in brown fat seen in 
some subjects allows them to eat more without gaining as 
much weight as other subjects do because of the increased 
thermogenesis produced by the increase in their brown fat? 

Responses to cooling. Consistently, contrary to the 
theory, literature reviews have claimed that women are more 
cold tolerant than men are [55,161]. The skin temperatures of 
women have been found to be lower than those of men in a 
given cold environment, and the average skin temperature 
that led to shivering was lower in women than in men. Local 
skin cooling has also produced sexually dimorphic results 
[114,126], but the effects are not clearly related to the theory. 
However, consistent with the theory, women have been 
found to produce less heat in the cold than men do [57,212]. 

Summary. Sex differences in heat production are occa- 
sionally found. However, much more work is needed in this 
area before it can be claimed that the theory’s predictions 
have been adequately supported by the data. Sex differences 
in heat production have also been found in other species, 
such as the greater heat production seen in rams than in ewes 
[56]. Generally this heat production has not been factored 
further into its component parts, and so the cause of the sex 
differences remains uncertain. It may simply be a matter of 
the heat production of muscle versus that of fat leading to 
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sex differences because of the greater muscle to fat ratio in 
males. 


Body Fat and Control of Heat Loss 


This section is closely related to the previous one. If be- 
cause of their greater adaptation to starvation, females have 
less heat production than males do, females more than males 
might have evolved specialized mechanisms for control of 
heat loss. In this case, the greater subcutaneous fat of human 
females compared to males might make some evolutionary 
sense. 

Subcutaneous and total body fat. At any given weight or 
age level, female humans have more body fat than males do, 
and the fat in females is disproportionately subcutaneous. 
The difference in body fat content is present even at birth 
[167]. Before puberty, sex differences in subcutaneous fat 
may increase with age [168,195]. At puberty, the amount of 
subcutaneous fat increases in females and decreases in males 
[152,212]. After puberty, women relative to men have a 
greater proportion of their total body fat carried subcutane- 
ously [60]. The sex difference in subcutaneous fat may in- 
crease still further with age [57,152]. 

Nonobese members of some species other than the 
human are also sexually dimorphic in body fat content. As 
mentioned earlier, among woodchucks, cattle, swine, sheep 
and many primates |12, 42, 56, 93, 177], the female has a 
greater proportion of the body as fat. However, unlike what 
is the case in humans, the distribution of fat may not be 
disproportionately subcutaneous in the females. For exam- 
ple, female pigs have more subcutaneous fat than males do, 
but the percent of the total fat that is subcutaneous is not 
sexually dimorphic, being 80% in both sexes | 104]. 

On the other hand, among genetically lean, heavily furred 
species exposed to a “‘normal”’ diet, sex differences in per- 
cent body fat content are expected to be very small and 
variable. Most studies in rodents have reported no signifi- 
cant sex difference in percentage body fat content (lean mice 
from the V stock [4]; young Zucker lean rats [101]; Norway 
albino rats [46]). A few researchers have claimed that the 
male has the greatest percent of the body as fat (e.g., an 
unspecified strain of rat [112]; Sprague-Dawley [130]}). Only 
two studies have found the female rat to have more fat than 
the male (old Zucker lean rats [215]; Lister hooded strain 
[229]). Simek and Petrasek [201] also reported that among 
hamsters the female may have a greater percent body fat 
content than the male. So even in genetically lean rodents on 
a normal diet, strain and age have affected sexual dimor- 
phism in both total body weight and percent of the body as 
fat. One comprehensive study found that among 20-week-old 
rats, females of the Osborne-Mendel, S 513/P1 and 
Sprague-Dawley strains were slightly fatter than males, 
whereas among the Hoppert, Wister-Lewis, Hooded and 
Gray strains, the male had more body fat [189]. 

Activity levels. In species that have good thermal insula- 
tion supplied by dense fur, sex differences might exist in 
areas other than body fat to compensate for lesser heat pro- 
duction in cold environments by females. It is interesting to 
note that the fur on female rats tends to be finer than that on 
males, and so may have better heat insulating properties 
[231]. Rather consistently, and over a wide variety of meas- 
uring instruments, female rodents are also more active than 
males are [93]. The increased heat provided by activity 
would help to compensate for any reduced heat production 
in cold environments or in response to fat-producing diets, 


but this complicates studies concerned with sex differences 
in genetic or dietary obesity since activity also expends cal- 
ories. Also, increased activity might increase dietary ther- 
mogenesis, at least when the rats are being fed a high carbo- 
hydrate diet [63]. 

Summary and implications. The greater subcutaneous fat 
found in human females may be a compensation for lower 
heat production. This increased insulation could have led to 
some of the reported sex differences in cold tolerance which 
were opposite to the ones predicted by the theory. Even in 
pigs, which have a great deal of subcutaneous fat, the female 
pig will still have a greater thickness of the subcutaneous fat, 
proportionate to her greater total body fat. Among the other 
species in which the female has more fat, this fat is also not 
disproportionately subcutaneous, but among these species, 
fur supplies much of the insulation. 

Among genetically lean rodents fed a normal diet, there 
are only small, variable and strain-dependent sex differences 
in percent body fat. Instead, there are sex differences in fur 
texture and in activity level. 


Feast and Famine Metabolism 


There are significant and sometimes large sex differences 
in energy metabolism ranging from differences in thyroid 
activity (e.g., [54,140]), to differences in the kinetics and/or 
concentrations of liver enzymes (e.g., [125]). However, the 
relationship of these differences to sex differences in feast 
and famine responses remains unclear. To a large extent, a 
review of the relevant literature will have to wait until a 
generally acceptable theory of obesity tells researchers 
which metabolic parameters are in fact the relevant ones. 
Therefore, this section concentrates on just one theory of 
obesity and famine. 

There are other theories of obesity, and the implications 
of these should not be ignored or overlooked. For example, 
Rodin discussed [179] the possibility that externally- 
controlled people may be more susceptible to obesity be- 
cause they oversecrete insulin in the presence of food cues. 
This insulin response could stimulate their appetite and fa- 
cilitate lipogenesis. Another very intriguing possibility can 
be found in Margules’ | 143] theory of obesity and starvation 
responses, relating beta-endorphins to energy conservation 
and to hunger. In genetically obese mice, females have more 
beta-endorphins in the brain [67]. Are there sex differences 
either in beta-endorphins or in insulin responses to food cues 
among genetically normal weight organisms? 

But just as there are many different kinds of genetic obe- 
sities in rodents, each with its own pattern of metabolic dys- 
functions, there are very likely to be just as many or more 
different kinds of obesity in humans. Thus, if no dysfunction 
can be found to be shared even by a majority of obesities, 
then searches for a general theory—or even a general reason 
for sex differences—are doomed to failure. However, the 
temperature abnormalities which are common to most if not 
all of the rodent obesities | 18] give some hope that there may 
be a final common path for the expression of many obesities, 
even in humans. Rodent and human obese may share tem- 
perature abnormalities, as suggested previously. 

Sex differences in physiology. There are many sex differ- 
ences in physiology which could be relevant. Since in the 
human female the ratio of fat to muscle is larger than in the 
male, and given the much greater metabolic rate of muscle as 
opposed to white fat, the sex difference in metabolic rate is 
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not surprising. Estimates of human sex differences in BMR 
vary from 1% to 15%, depending in part on methodology and 
whether BMR is based on weight or on surface area [22, 49, 
62]. Finally, Dugdale and Payne [48] have described sex dif- 
ferences in food efficiencies, with females having much 
larger values and thus perhaps greater tendencies toward 
obesity. 

Trayhurn, Jung and James: brown fat. According to these 
authors and their co-workers, the reduced dietary and/or 
cold induced thermogenesis associated with genetic and fa- 
milial obesity in rats and some humans may be due to a 
defect in brown fat [97, 98, 106, 214]. Thus, these obese are 
more efficient, wasting fewer calories as heat and depositing 
more as fat. 

Brown fat is a specialized type of adipose tissue, very 
different in appearance and physiology from white fat 
[103,137]. This tissue is most often found in neonates but it 
may last well into old age in both rats and humans [106,182]. 
It is localized to certain parts of the body; the largest brown 
fat organs in rats and in neonatal humans seem to be in the 
interscapular, axillary and perirenal regions. Although white 
fat has a very low metabolic rate relative to other types of 
tissues, brown fat has a higher metabolic rate than any other 
tissue, higher even than heart tissue and three times the met- 
abolic rate of cerebral cortical tissue. In fact, the major 
source of heat production caused by noradrenaline injections 
and by adaptations to cold seems to be brown fat. According 
to Jung and his colleagues [182], in a cold adapted rat, brown 
fat might account for 60% of the heat production induced by 
noradrenaline injections, whereas skeletal muscle would 
have accounted for no more than 12%. 

Cold adaptation and over feeding may each lead to similar 
changes in brown fat. Both over feeding and cold adaptation 
lead to increased amounts of brown fat and increased heat 
production during a period of cold exposure [182,184]. Both 
situations lead to similar, but not identical, changes in the 
biochemistry of brown fat [20,89]. Brown fat is controlled at 
least in part by the sympathetic nervous system, and both 
cold exposure and over feeding increase sympathetic activ- 
ity, at least as measured in rats by the norepinephrine turn- 
over in the pancreas [239] and heart [123]. 

So some of the increased heat production induced by over 
feeding described earlier may well be a result of an increase 
in the amount of brown fat and changes in its metabolism 
[182]. Rothwell and Stock [183] also found that the rapid 
return to normal weight seen after shifting from the super- 
market to a chow diet may also be attributed to changes in 
brown fat. Resting oxygen consumption was greater in cafe- 
teria or supermarket fed than in control rats during the over 
feeding period, but when returned to a chow diet, the cafe- 
teria rats showed a marked increase in oxygen consumption 
during the first three days when their weight loss was also 
the most rapid. 

Thus, the reduced cold tolerance and the reduced dietary 
thermogenesis of the obese rat and mouse would be under- 
standable if they did in fact have some kind of defect in their 
brown fat. Both the obese mouse and the obese human do 
show a decreased noradrenaline-elicited heat production, 
and in the mouse at least this decrease has been traced to a 
metabolic defect in brown fat [87, 88, 106]. 

If this theory of obesity proves fruitful, then sex differ- 
ences might be looked for in brown fat. One review did note 
that in preadolescent humans, boys had more brown fat than 
girls did [2], although another study found no sex differences 
in the pattern of distribution of brown fat [80]. Still, there 
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may be sex differences in absolute amount and/or in metabo- 
lism, as in the obese rodent. 

Summary and implications. Thus, the sex differences in 
physiology relevant to the sex differences in obesity must 
await acceptance of a theory which describes the reasons for 
obesity in the first place. A difference in brown fat is one 
possibility. But, again, it should be realized that there are 
undoubtedly many more than one cause for obesity, and so 
possibly many different metabolic reasons for the sex differ- 
ence in obesity. Other theories, such as those of Rodin | 179] 
and of Margules [143], should not be neglected. 


POSSIBLE CAUSES OF THE SEX DIFFERENCES 


Sex differences in energy balance may be the end point of 
an evolutionary process which had females placed under 
more pressure to survive in times of short food supply. If the 
selection pressures for resistance to starvation were greater 
for females, then this could be expressed by having the rele- 
vant genes be either sex-linked (as on the X chromosome) 
and/or autosomal but sex-limited (the activity of the gene 
being affected by sex hormones). 

These types of data are critical for the theory. The argu- 
ments given in the first part of the paper can now be turned 
around. If sex hormones inductively or activationally affect 
energy balance, then there must have been evolutionary 
pressures in favor of sex differences in that area. The alter- 
native, that sex hormones affect energy balance as an evolu- 
tionarily irrelevant by-product of one of their other selected- 
for effects does not seem as likely. Also, finding out which 
hormone affects what types of sex differences will provide 
evidence as to the nature of the evolutionary pressures. If 
some of the sexually dimorphic energy balance mechanisms 
are affected in different ways by hormones, then that would 
imply that there were somewhat different evolutionary 
mechanisms involved in each of those sexual dimorphisms. 


Sex Chromosomes 


It has been frequently claimed that there is some genetic 
basis to the human obesities, although the family correla- 
tions frequently observed could be due to environmental 
rather than to genetic similarities. However, high correla- 
tions in obesity can be found between identical twins reared 
apart and between natural parent and child in adoption stud- 
ies [194]. Also, stronger relationships between overweight in 
childhood and infancy with parental obesity and with later 
obesity have been found in females than in males, though 
small correlations existed for both sexes [43, 145, 220]. 

But even given that there may be some genetic basis for 
human obesities, it is not likely to be the case that any more 
than a very tiny proportion of human obesities are due to the 
influence of any major gene. Therefore, it is also unlikely to 
be the case that any sex-linked gene will prove to be of major 
importance in sex differences in obesity. Though X-linked 
obesities have been reported (e.g., [219]), they are very rare. 
Nevertheless, abnormalities in sex chromosomes may affect 
risk of obesity. For example, Klinefelter’s men (XXY) have 
been found to have some abnormalities in carbohydrate me- 
tabolism similar to those seen in diabetes and obesity [158]. 

Women with Turner’s syndrome (XO) also have prob- 
lems. They have been claimed to have an increased risk of 
obesity and increased subcutaneous fat relative to genetical- 
ly normal females [135,169]. Paradoxically, Turner’s syn- 
drome has also been linked to anorexia nervosa [119]. Since 
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more women than men are found with both types of weight 
problems, and since both the obese and the anorexic women 
have been claimed to suffer from a kind of carbohydrate 
addiction [33], this possible association is intriguing. Social 
class—at least in the United States—is inversely related to 
the incidence of obesity and directly related to the incidence 
of anorexia nervosa. Thus, maybe social class affects the 
methods chosen by the woman to cope with this carbohy- 
drate addiction. 


Activational Hormones 


There are several comprehensive reviews of rodent data 
in this area that have already been published |93, 221, 222]. 
This paper summarizes the major points covered by those 
reviews, directing the reader to those reviews for the original 
sources, though some sources will be added here for com- 
pleteness, emphasis and updating. 

Body weight and food intake. In general, the reviews have 
found that estrogens decrease body weight and food intake in 
a wide variety of species, from primates through dogs and 
cattle and pigs to rats and mice [15, 38, 39, 40, 90, 91]. 
Estrogen has also been found to affect energy balance after 
brain lesions [110,111]. 

But some species differences have been found. Hamsters 
were found to be less affected by estrogen than were rats 
{59,150}. Also, in gerbils, estrogen increased rather than de- 
creased food intake and body weight | 139,186]. 

Wade and Gray |222]} have suggested that estrogen direct- 
ly inhibits lipogenesis, and changes in lipogenesis may in 
turn cause the decreases in food intake that have been found 
|207]. This effect of estrogen on lipogenesis may be related to 
the nausea and food rejections often reported to occur in 
human and subhuman primates during early pregnancy when 
estrogen levels are high [38]. Nausea has also been reported 
to be a side effect of birth control pills high in estrogen rela- 
tively more often than of those high in progestins | 13,36]. 

Progestins oppose the effect of estrogens upon both food 
intake and body fatness. Food intake and adiposity are in- 
creased by progestins only in intact females, or in estrogen- 
treated females; in castrated females, where there was no 
estrogen, progestins seemed to have no effect by themselves 
[93,222]. Medroxyprogesterone acetate or megestrol acetate 
have been found to increase appetite and weight gains in 
female rats, cats and humans [51, 79, 127]. In an experimen- 
tal test situation, more food (M & Ms and peanuts) were 
eaten during the high progesterone luteal phase of the men- 
strual cycle than during other phases [225]. An increase in 
food consumption during the luteal phase has also been re- 
ported to occur in rhesus monkey females [181]. Progestin- 
dominated birth control pills have been more often associated 
with weight gains in humans than were the estrogen- 
dominated pills [13,135]. Finally, adiposity was increased by 
progesterone even when food intake in rats and in mice was 
not affected by the hormone [85,165]. 

Androgens may either increase or reduce food intake and 
body fat. Some of the variability in the effects of androgen 
may be due to their transformation (aromatization) into es- 
trogens by body cells, particularly at higher dosage levels. 
In castrated male rats, low doses of either aromatizable or 
non-aromatizable androgens have been found to increase 
food intake and body weight [69, 93, 99, 185, 190], but higher 
doses of aromatizable androgens (still physiological) reduced 
body weight and body fat, evidently because of the estro- 
genic effect of the higher doses [69]. The suppressing effects 


of higher doses of testosterone on body fat may not always 
be visible in body weight changes, since Rogozkin reported 
that androgens increased the weight of the skeletal muscles 
| 180]. Sometimes the effects of testosterone on body weight 
can be dramatic, as in the case of the greatly increased 
weight gain in VMH lesioned rats seen in castrated com- 
pared to intact males |110}. 

Thus, the sex difference in progestins might be related to 
the sex difference in obesity and starvation responses. Pro- 
gestins have both lipogenic and appetite-stimulating effects 
due to their ability to oppose the estrogenic effects of estro- 
gens. The estrogenic effects of the higher testosterone levels 
in males may also act to reduce weight gain. 

Heat production. All three types of sex hormones affect 
body temperature, thermogenesis, heat loss mechanisms, 
and both cold tolerance and the incentive value of heat for an 
organism (heat preference). 

Estrogens and progesterone have been studied more often 
than androgens. Estrogen has been found to decrease body 
temperature |23, 166, 231] while progesterone increased it 
1113, 144, 166]. On the other hand, both hormones are asso- 
ciated with increased heat preferences |37, 230, 231] and 
decreased in an animal's ability to maintain body tempera- 
tures in a cold environment |62]. These latter effects are 
surprising in view of the increases (though small) in meta- 
bolic rate reported to be caused by these hormones 
(19, 26, 122}. 

The effect of androgen upon body temperature is general- 
ly not dramatic, though it has not often been studied. Mar- 
rone and his colleagues [144] found that gonadectomy 
decreased body temperature in male rats, suggesting that 
androgens normally increase body temperature. But in intact 
human females, androgen injections were reported to slightly 
and temporarily decrease body temperature [166]. More 
needs to be done. 

As summarized by Wade [221] and by Hoyenga and 
Hoyenga |93], sex hormones have consistent and often dra- 
matic effects on activity levels in rodents. Both estrogen and 
testosterone stimulate wheel activity in both male and female 
rats and so these hormones would stimulate the heat output 
produced by activity. Progesterone opposes the effect of es- 
trogen upon activity just as it opposes estrogens effects on 
food intake and body weight. 

Summary. Thus, sex differences in progesterone and 
possibly estrogen may be related to sex differences in cold 
tolerance, heat loss and heat production mechanisms. Since 
both estrogen and progesterone impair cold tolerance by 
allowing body temperature to drop in cold environments, 
both could facilitate survival in a cold environment in condi- 
tions of short food supply. Would these hormones have simi- 
lar effects on the body temperature decreases seen after pro- 
longed starvation [226]? Also, the effects of these hormones 
upon activity levels would obviously affect their relationship 
to weight changes and body temperature. Finally, although 
the activational effect of hormones upon dietary thermo- 
genesis has not been investigated, since all three types of 
hormones can change body weight in the absence of any 
effect on caloric intake, the possibility should be considered. 

These sex hormones may also act by directly affecting 
brain cells or fat cells. In Wade and Gray’s theory [222], 
estradial acts directly on lipogenesis in adipocytes, and the 
reduction of food intake is an indirect consequence of this 
effect. Interestingly, Young, Nance and Gorski [237] found 
that exposure to a high fat diet which increased body fat also 
increased the anorexic response to estrogen in female rats. 
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Estrogen has also been found to directly stimulate VMH 
nerve cells [24]. In view of the sexually dimorphic effects of 
VMH lesions upon weight gain, this observation seems par- 
ticularly relevant to the present theory. 

The species differences in the effects of estrogen upon 
food intake suggest that there may be differences in evolu- 
tionary pressures for sex differences in energy balance. 
More work with hamsters and gerbils could perhaps provide 
clues as to the nature of these differences. 

Thus, fat levels, fat metabolism, sex hormones and ener- 
gy balance are all interrelated. And if sex hormones affect 
metabolism in brown fat as well as in white fat, then re- 
sponses to cold could also be altered. 


Inductive Hormones 


To evaluate the role that perinatal sex hormone levels 
play in affecting sex differences in energy metabolism, peri- 
natal hormone levels are manipulated, and the resulting ef- 
fects upon body weight, percent body fat and activity levels 
are measured. No good data exist for sex differences in any 
species other than the rat. 

Energy metabolism and perinatal hormones. The pres- 
ence of androgens neonatally in rats permanently increases 
body size. Thus, neonatal gonadectomy of males has been 
found to permanently decrease their body size, while peri- 
natal injections of androgens into intact or gonadectomized 
females can increase their body weight and size. However, 
minimal effects of neonatal androgens upon obesity indexes 
or percent body fat have been found in females, although 
nose to anus length and the absolute amount of brown fat can 
both be increased [8,47]. 

Inductive hormones have a variety of metabolic effects, 
any of which could contribute to their effect on adult body 
weight. The effect of neonatal androgens on the body size of 
intact females can be seen even in the absence of any differ- 
ence between their food intake and that of female controls 
[9], presumably reflecting an increased food efficiency [170]. 
Part of the effects of neonatal androgens on body size may be 
mediated by growth hormone. Male rats were found to have 
more growth hormone in their pituitary than did females, but 
neonatal androgenization of females brought them up to the 
male level [206]. Finally, inductive androgens decreased the 
sensitivity of the adult to the weight-suppressing effects of 
estrogens [77]. 

Consistent with the conversion hypothesis, which claims 
that the aromatization of androgens to estrogens maculinizes 
the brain, neonatal estrogen has been found to increase body 
weight in females just as androgens do [9,170]. Generally, 
neonatal estrogen injections increase body weight of neo- 
natally gonadectomized males relative to neonatally gonad- 
ectomized oil-injected controls [78], whereas neonatal estro- 
gen decreases body weight of intact males [81,240]. In the 
latter case, presumably the testes’ secretion of androgens 
had been permanently inhibited, thus decreasing growth. 

But it should be pointed out that neonatal androgens and 
estrogens have not always been found to have similar effects 
even on females. The growth curve of female rats given tes- 
tosterone is significantly different from that of a group given 
estrogen [170]. Also, even non-aromatizable androgens can 
inductively increase adult body weight in male rats (e.g., 
[218]). 

Summary. Many of the sex differences in energy balance 
are therefore a consequence of the sex differences in peri- 
natal hormone level, and the effects of those perinatal hor- 
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mones upon the structure and function of the brain and other 
organs. For example, some of the sex differences in energy 
balance may eventually be linked to inductive hormonal ef- 
fects on brown fat [8,47]. Norepinephrine activates brown 
fat, and the adrenal medulla has been linked to the sexually 
dimorphic effects of pallidal lesions on starvation [71]. 
Stimulation of VMH also increases fatty acid synthesis in 
brown fat, although VMH stimulation has no effect on white 
fat [196]. Thus, the effect of perinatal hormones upon abso- 
lute levels of brown fat may be relevant to sex differences in 
feast and famine responses. 

Many of the sexually dimorphic aspects of energy regula- 
tion can be manipulated by varying neonatal hormone levels. 
Most importantly, neonatal injections of sex hormone in- 
crease body weight. The effects of neonatal hormones could 
be a consequence of changes in organs such as the brain, 
liver and metabolism in brown and white fat cells. 

Neonatal estradiol and testosterone do not always have 
similar effects. This suggests that testosterone may have 
some inductive effects upon the brain or on (an) other or- 
gan(s) separate to and independent of the effects it exerts by 
being converted into estradiol. In addition, nonaromatizable 
androgens can also inductively increase adult body weight 
[218]. 

But most importantly, the effects of neonatal hormone 
manipulations suggest that sex hormones became linked to 
energy balance mechanisms because of sex differences in 
evolutionary history. The detailed causes of each of the ef- 
fects reviewed must still be worked out by further experi- 
mentation, but the often dramatic effects of neonatal sex 
hormones upon sexually dimorphic energy balance mecha- 
nisms is important in and of itself because of what it implies: 
sex hormones may have become linked to starvation resist- 
ance because of greater selection pressures on females to 
survive during famines. 


Sex Roles and Obesity 


In humans, socialized differences in evaluations of obe- 
sity as a function of gender would be expected to have a large 
impact upon sex differences in obesity. In fact, a majority of 
the people on diets or in weight control programs are female 
[210]. So females may be more sensitive to social sanctions 
against obesity. This particular difference would, however, 
oppose the sex difference in obesity proposed by this present 
theory. Thus, sex differences in obesity in this country may 
be an underestimation of what would be the case without the 
greater tendency for females to be on a diet. 

In this section of the paper, socialization factors in obe- 
sity as described by other theorists are briefly summarized, 
to emphasize that in humans any sex difference in obesity 
due to evolution, acted out by sex differences in inductive 
and activational hormones, must be placed in a cultural con- 
text. In fact, within the great range of cultural variability in 
attitudes towards the incidence of obesity, biological biases 
may in fact account for only a small proportion of the total 
variability. A good overview of psychological factors asso- 
ciated with obesity, emphasizing sex differences and the fact 
that there is more than one type of obesity, can be found in 
Leon and Roth [129]. 

Socioeconomic variables. Weight in adult women varies 
more as a function of socioeconomic status than does weight 
in men. In the United States and England, relatively more 
lower class adult women are obese relative to men, but more 
upper class adult women are below normal body weight and 
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fewer are obese than is true for men [66, 152, 198]. In other 
countries, socioeconomic status, gender and incidence of 
obesity may be interrelated differently [62]. The increased 
incidence of obesity seen in rural compared to urban areas 
may also be more marked in women than in men [163]. Edu- 
cation is also associated with sex differences in the incidence 
of obesity; the incidence of those more than 140% above the 
average weight is the greatest for those with the least educa- 
tion, especially for women [136]. In fact, one recent survey 
of 4,936 adults [61] found that skinfold thicknesses (as a 
measure of obesity) decreased with both education and in- 
come for women, but the reverse was true for men. 

Thus, socioeconomic factors affect women and men dif- 
ferentially. Part of this might be due to sex differences in 
response to social pressures. Two recent reviews [30,52] 
concluded that at least in some situations women were more 
influenceable and conforming than men. If approval/disap- 
proval for obesity and overweight varies as a function of 
social class, then this social difference might well affect 
women more strongly than men. In support of this, although 
obese subjects of both sexes tended to eat more when alone 
than when with other people, the difference tended to be 
larger for females (a 2% versus a 16% difference in caloric 
intake) [117]. Also, starting at adolescence, sex differences 
in attitudes toward physical appearance become important, 
with females reporting being more concerned with how they 
look than males do [202]. Also, the social context of eating 
seems to be more important for women than for men 
[29,124]. 

Possible effects of chronic dieting. Chronic dieting in- 
creases preoccupation with food, and may in the end be 
self-defeating. Of the subjects in one study [148], more 
females than males were dieters, and this sex difference 
could have acounted for the other sex differences they also 
found. Although males reported more hunger sensations be- 
tween meals than females did, females reported the greatest 
degree of preoccupation with thoughts of food and said that 
they less often ate to satiety. 

Dieting may also lead to periods of high food consump- 
tion, or ‘‘bingeing,’’ and these periods may be increased by 
or linked to anxiety. High calorie preloads have been found 
to have different effects upon the eating behavior of dieting 
and nondieting women [83,86]. Dieting subjects, once they 
had sampled a highly palatable food, subsequently ate far 
more ice cream than they would have without the sample. 
Subjects who were not on a diet ate less ice cream after a 
sample than without the sample preload. Both effects were 
independent of obesity per se. Thus, once self-control 
‘*failed’’ (due to the experimentally induced requirement to 
sample a ‘“‘forbidden’’ food), then subjects tended to 
‘‘binge.’’ This bingeing may be particularly likely to occur 
for foods high in carbohydrates, food often avoided by diet- 
ing females [33]. The anxiety created by anticipation of 
shock and the food eaten during the anxiety are both in- 
creased by dieting. 

Thus, dieting may lead to periods of restricted intake of 
meals proportionately adequate in protein, interspersed with 
periods of solitary bingeing on foods high in carbohydrates. 
‘‘Bingeing’’ may also be increased by anxiety, and dieting 
may increase anxiety. The effects of this particular pattern of 
irregular intake upon lipolysis are largely unknown, but in 
view of the data on meal patterning and lipolysis [171,191], it 
might not be surprising to find out that this pattern is self- 
defeating, that lipolysis is inhibited and lipogenesis facili- 
tated under these conditions. 


Sex roles. Although obese and nonobese women have not 
been found to differ in sex role as measured by masculinity- 
femininity scales [129], the sex role of women does expose 
them more often to food cues than is the case for men. This 
could lead either to more failures to self-control or to a 
greater need for self-control on the part of women. There are 
still many more housewives than househusbands, and con- 
tinued day-long exposure to food cues (dining room table, 
refrigerator, cookie jar, etc.) could lead to problems since 
continued exposure to cues for eating has been claimed to 
lead to problem eating [209]. And for both housewives and 
women employed outside the home, their role typically in- 
cludes both food shopping and meal preparation. Thus, 
women may more often be exposed to temptation than men 
are. However, it should also be pointed out that sex differ- 
ences in eating behavior can be observed at very early ages 
[96,205], suggesting that sex roles may not be the sole cause 
of any differences. 

Summary. Thus, foods and eating seem more closely 
linked to social factors in women than in men. Because of 
these interlocking patterns of relations, women more than 
men may end up eating the type of diets that actually facili- 
tate obesity—or that at the least make weight loss more diffi- 
culty. The sex role of women may also expose them more 
often to problematic food cues than is true for men. These 
factors would increase obesity in women. On the other hand, 
the greater sensitivity of women to the social disapproval of 
obesity would inhibit obesity more in women than in men. 
Thus, sex role and cultural factors are obviously important 
to the sex differences in obesity, but their exact contribution 
cannot as yet be estimated. 


SUMMARY AND IMPLICATIONS 


The present theory proposes that because of evolutionary 
pressures, female mammals have become more resistant to 
Starvation in times of famine. But as a metabolic conse- 
quence of this, females have also become predisposed to 
obesity in times of relative feast. These relationships were 
originally proposed to explain the persistence of genes for 
obesity, but the present proposal extends these relationships 
to sex differences. Among genetically or dietetically obese 
rodents, females often get fatter than males, and females of a 
variety of species may withstand starvation better than their 
lean or male counterparts. 

Thus, because of these sex differences, the genders show 
differences in other energy balance mechanisms related to 
feast and famine. Humans and animals prone to obesity have 
deficits in heat production, especially in response to cold 
exposure, starvation, and noradrenaline injections. These 
deficits may in fact prove to be causally related both to obe- 
sity and to ability to withstand starvation. Some parallel sex 
differences can also be found in these areas, though much 
more data is needed. 

The genetic obesities also show a number of other dis- 
turbances in metabolism, some areas of which also show sex 
differences, differences that are also affected by sex hor- 
mones [18,222]. However, until the major factors contribut- 
ing to the various obesities among both rodents and humans 
have been specified and generally accepted, it would not be 
profitable to survey sex differences in metabolism. How- 
ever, deficits in amount of or metabolism of brown fat seems 
a promising new direction to take. 

The sex differences in energy balance among rodents are 
due largely to sex differences in inductive and activational 
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hormones. In humans, these factors may also be relevant, 
but cultural factors may account for relatively more of the 
variability. Again, though, many of these hypothesized rela- 
tionships can be only weakly supported by the available 
types of data, and some predictions of the present theory 
when extended to the effects of sex hormones on energy 
balance are yet to be tested. 

Nevertheless, if the sexes differ in responses to feast and 
famine conditions, then this would explain the greater inci- 
dence of obesity among females, a difference that seems to 
transcend cultural variability. If this is due to some biological 
biases, this could well mean that different types of weight 
control programs might have to be devised for women than 
for men. For example, treatment with ephedrine increases 
brown fat in rodents [87]; if this works in humans as well, 
this might lead to a type of treatment which could be more 
effective for women than for men. Another implication for 
treatment can be found in the suggestion that the sexes may 
differ in metabolic responses to various types of diet. If true, 
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this would mean that different types of weight reduction diet 
would have to be devised for women than for men. 

There are some other implications for the obese in our 
society. Since the sex difference in obesity may increase 
with age, the greater life span of present day people has more 
severe implications for obese females than for males. But if 
being overweight does have less severe health consequences 
for females than for males, a change in cultural evaluations 
of overweight among females could greatly increase overall 
happiness. But most of all, if the present theory, and the 
theories upon which it is based are true, then it must be 
recognized that in many people, obesity and sex differences 
in obesity are due to more than gluttony or sloth, and attri- 
butions concerning what obese people are like should there- 
fore change. Maybe the commonalities in behavioral charac- 
teristics found in obese people are due to similarities in the 
way that society treats them rather than to some ‘‘flaw’’ in 
behavioral control that leads to obesity—particularly in 
women. 
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LEVINE, A. S. AND J. E. MORLEY. Tail pinch-induced eating: Is it the tail or the pinch? PHYSIOL. BEHAV. 28(3) 
565-567, 1982.—Mildly pinching the tail of the rat results in a set of consummatory behaviors including eating, chewing and 
licking. This phenomenon has been characterized as one which is not causally dependent on induction of pain. In the 
present study we report that pinching the scruff of the neck, the ears, or the rear paw of rats also results in consummatory 
behaviors similar to those observed during tail pinch. We suggest that stress-induced eating caused by pressure applied to 
various regions of the rat involves the perception of noxious stimuli (nociception). 


Tail pinch Stress induced eating Pinch Pain 


MILDLY pinching the tail of a rat results in a set of con- 
summatory behaviors such as eating, licking and chewing 
[2,3]. This model of stress-induced eating was originally 
characterized [3] as an ‘‘extremely reliable phenomenon” 
which ‘‘does not appear to be causally dependent on the 
activation of pain mechanisms.’’ More recently, Rowland 
and Marques [15] have suggested that pain may be involved 
in tail pinch behaviors and have opted to use the phrase 
‘“‘annoying stimulus”’ rather than ‘‘pain.’’ Tail pinch induced 
eating can be suppressed with opiate blackade (which ren- 
ders the rat hyperalgesic) resulting from administration of 
naloxone [9,10]. Since these hyperalgesic rats ingested less 
food during tail pinch it apppears that pain itself does not 
inititate feeding, but rather that pain results in the release of 
the endogenous opiates which have been reported to induce 
food consumption when administered intraventricularly 
[4,11]. In the present study we report that three other nox- 
ious stimuli, namely pressure applied to the scruff of the 
neck, the ears and the hind-limb of the rat resulsts in a reli- 


able set of consummatory behaviors similar to those ob- ° 


served during tail pinch. 


METHOD 


Fifty male Sprague-Dawley rats (Biolab, St. Paul, MN) 
weighing between 125-250 g were used. All animals were 
housed in a light controlled room (lights on 0700-1900 hr) 
with free access to Purina rat chow and water ad lib. All 
experiments were carried out between 1300-1800 hr. 

Naive rats were removed from their home cages and 
placed in a plastic box and allowed a 2-3 minute adaptation 
period to the novel environment before the start of the pinch 
trial. The neck (n=20), ears (n=12), and hind-limb (n=8) of 
the naive rats were pinched using a MacBick clamp (Murray 
Hill, NJ) in the presence of Purina rat chow. Also, 10 naive 
rats were neck pinched in the presence of hickory wood chips 


Consummatory behaviors 
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(Kingsford, Louisville, KY). During application of the pres- 
sure, the food pellets or wood chips were hand held directly 
in front of the rat’s mouth, as it was difficult to induce con- 
summatory behaviors when the food pellets or wood chips 
were placed on the floor of the cage. An independent ob- 
server recorded all pinch behaviors. Latency was defined as 
the time period between the application of pressure and the 
first indication of consummatory behavior. Following induc- 
tion of the behavior, pressure was applied for a further 2 
minute period. Food ingestion was quantitated by weighing 
the food pellet before and after the 2 minute experimental 
period. Spilled food was quantitated by weighing the food 
broken off from the food pellets. Rats which consumed 0.1 g 
or more of the rat chow were considered positive eaters and 
those which broke off any food from the pellet were consid- 
ered positive chewers. Catalepsy was defined as a state of 
immobility and rigidity. 


RESULTS 


Neck pinch resulted in a variety of behaviors including 
eating, chewing, licking, sniffing and catalepsy (Table 1). 
Rats did not vocalize during the 2 minute pinch trial, al- 
though rats squealed during the latency period. None of the 
rats attempted to attack the clamp or the fingers of the in- 
vestigator when food pellets or wood chips were readily 
available. Neck pinch consummatory behavior was induced 
in a similar percentage of rats (95-100) as has been reported 
for the tail pinch model [3,7]. Likewise a similar percentage 
of rats in both models display chewing, eating or licking 
behavior (neck pinch: 95%, 70%, 15% vs tail pinch: 92%, 
72%, 8%) in the presence of food. When offered wood chips 
during neck pinch similar results were observed (Table 1) 
Neck pinched rats consistently chewed when presented with 
wood chips as we previously observed during tail pinch [6]. 
As Antelman and Szechtman originally described for tail 
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TABLE 1 


EFFECT OF NECK PINCH IN THE PRESENCE OF FOOD PELLETS OR WOOD CHIPS 
ON CONSUMMATORY BEHAVIORS 





Range 





Food Pellets 
Neck pinch behavior induced (%) 
Chewing (% responders) 
Chewing (food spilled; g) 
Eating (% responders) 
Eating (food ingested; g) 
Latency (sec) 
Cataplexy (% displaying behavior) 
Sniffing (% displaying behavior) 
Licking (% displaying behavior) 
Wood Chips 
Neck pinch behavior induced (%) 
Chewing (% responders) 
Chewing (sec within 2 min trial) 
Latency (sec) 
Cataplexy (% displaying behavior) 
Sniffing (% displaying behavior) 
Licking (% displaying behavior) 


95 
95 
0.47 + 0.14* 
70 
0.30 + 0.06 
89 + 30 
65 
20 
15 


(0.01-2.20 g) 


(0-0.74) 
(0-540) 


100 
100 
69 + 12 
16 + 50 
50 
20 
10 


(15-120) 
(5-50) 





*Mean + SEM. 


pinched rats [3], neck pinched rats also displayed sniffing 
behavior. 

Catalepsy was induced in neck pinched rats in the pres- 
ence of food pellets or wood chips for a period ranging from 
10 seconds to 12 minutes. During the period of catalepsy rats 
appeared immobile and rigid (with some animals displaying 
ptosis). Food or wood chips placed in front of the rats ulti- 
mately disrupted the catalepsy in all rats but one, which 
displayed catalepsy for 12 minutes. 

To observe whether pinching one side of the animal was 
different from a ‘‘balanced’’ two-sided pinch, we pinched 
one ear in 6 rats and both ears in another 6 rats. The double 
ear pinch and single ear pinch resulted in the same set of 
behaviors observed during neck and tail pinch. A latency 
period ranging from 5-540 sec (mean+SEM=117+87 sec) 
occurred with double ear pinch with the rats eating 0.3+0.1 g 
food, spilling 2.8+1.4 g of food, and 1/6 of the rats displaying 
cataleptic behavior. The single ear pinch resulted in a latency 
period ranging from 0-165 sec (49+26 sec) with 0.2+0.1 g 
food ingested and 0.7+0.6 g food spilled. Although cataleptic 
behavior was not observed during the single ear pinch trials, 
the animals were calm and did not demonstrate any escape 
behavior during food ingestion. 

The rats in the third group appeared to experience more 
severe ‘‘pain’’ as noted by an increased tendency to squeal 
and to display escape behavior when the pressure was first 
applied to the rat’s rear paw. Rear paw pinch resulted in a 
very rapid display of consummatory behaviors when com- 
pared to neck and ear pinch (latency range=0-26 sec; 
mean+SEM=8.3+3.1 sec). The tendency to chew or eat, as 
indicated by the brief latency period, seemed tc overcome 
the natural tendency to attack the area of pain. These rats ate 
and chewed very rapidly. A relatively large amount of food 
was ingested (0.6+0.2 g) and spilled (3.5+1.3 g). No licking 
or catalepsy was noted. 


DISCUSSION 


The present study indicates that tail-pinch induced behav- 
ior is not a phenomenon specifically related to the tail of the 
rat, since pinching various regions of the rat resulted in a set 
of behaviors similar to those observed during tail pinch. In 
addition, tail pinch has been reported to result in consum- 
matory behaviors in the Aplysia [5] (at pressures less than 
those required to engage the defensive reactions in the 
animal), in the cat [17] and in the mouse [8]. With the present 
data included, there is considerable evidence that nocicep- 
tion is involved in pinch-induced consummatory behaviors. 
Although squealing did not occur during pinch induced food 
ingestion or chewing, the rats did squeal during the latency 
period. This fits with our suggestion that tail pinch pressure 
represents a noxious stimulus which results in the release of 
endogenous opiates which then results in analgesia and feed- 
ing behavior. This is based on the observation that the en- 
dogenous opiates (beta endorphin [4], dynorphin [11], and 
D-ala-met-enkephalin [16]) when injected centrally result in 
spontaneous food consumption in sated rats. We [10] and 
others [9] have demonstrated that tail pinch induced eating is 
suppressed by naloxone-induced opiate blockade, although 
another study failed to reproduce this finding [12]. One may 
hypothesize that the heightened sensitivity to nociception 
due to administration of naloxone would result in more 
readily inducible tail pinch behavior. However, naloxone not 
only induces hyperalgesia, but also effectively blocks opiate 
receptors and thus inhibits opiate induced feeding. Further 
evidence that opiates are released during tail pinch is indi- 
cated by the finding [2] that rats are largely unresponsive to 
being pricked by a needle during tail pinch (Antelman and 
Rowland, unpublished observations) implying that these 
animals are analgesic during a tail pinch trial. Also, we have 
previously reported that chronically tail pinched animals de- 
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velop opiate-like withdrawal behavior when the tail pinch 
trials are halted [10]. Furthermore, Rowland and Antelman 
[14] noted that toward the end of a chronic period of tail 
pinch, rats became satiated earlier in the session and are 
inclined to become agitated, suggesting the development of 
an opiate-like behavior, namely tolerance. 

Marked catalepsy occurred when pressure was applied to 
the scruff of the neck of the rat. Recently it has been re- 
ported that repeated exposure of brief pinches at the scruff of 
the neck in mice results in the development of long lasting 
cataleptic-like immobility and a decrease in pain sensitivity 
[1]. In the latter study pre-treatment with 10 mg/kg (IV) 
naloxone blocked the development of neck pinch-induced 
catalepsy suggesting involvement of an endogenous opiate 
component. 


Pressure applied to several regions of the rat results in a 
set of consummatory behaviors which may serve as a model 
for stress induced eating in humans, although we must con- 
sider whether Neil Rowland comment [13] (used in a differ- 
ent context) ‘‘is the white rat a red herring?’ applies to this 
model. In answer to the question “‘is it the tail or the 
pinch?’’, we suggest that the pinch is the correct answer to a 
previously one-ended argument. 


ACKNOWLEDGEMENTS 
We thank Martha Grace for her excellent technical assistance 
and Valarie Wesley for her secretarial assistance. This research was 
supported by Veteran’s Administration Research. 


REFERENCES 


. Amir, S., Z. W. Brown, Z. Amit and K. Ornstein. Body pinch 
induces long lasting catalytic like immobility in mice: Behav- 
ioral characterization and the effect of naloxone. Life Sci. 28: 
1189-1194, 1981. 

. Antelman, S. M. and A. R. Caggiula. Tails of stress-related 
behavior: A neuropharmacological model. In: Animal Models in 
Psychiatry, edited by I. Hanin and E. Usdin. New York: Per- 
gamon Press, 1977, pp. 227-246. 

. Antelman, S. M. and H. Szechtman. Tail-pinch induces eating 
in sated rats which appears to depend on nigrostriatal dopamine. 
Science 189: 731-733, 1975. 

. Grandison, S. and A. Guidotti. Stimulation of food intake by 
muscimol and beta-endorphin. Neuropharmacology 16: 533- 
536, 1977. 

. Kupferman, I. and K. R. Weiss. Tail-pinch and handling 
facilitates feeding behavior in Aplysia. Behav. Neural Biol. 32: 
126-132, 1981. 

. Levine, A. S. and J. E. Morley. Physiology of stress-induced 
eating. Fedn Proc. 40: 308, 1981. 

. Levine 
Am. J. Physiol. 241: R72-R76, 1981. 

. Levine, A. S., J. E. Morley, G. Wilcox, D. M. Brown and B. S. 
Handwerger. Tail pinch behavior and analgesia in diabetic mice. 
Physiol. Behav. 28: 39-43, 1982. 


9. Lowy, M. T., R. P. Maickel and G. K. W. Yim. Naloxone 
reduction of stress-related feeding. Life Sci. 26: 2113-2118, 
1980. 

. Morley, J. E. and A. S. Levine. Stress induced eating is 
mediated through endogenous opiates. Science 209: 1259-1261, 
1980. 

. Morley, J. E. and A. S. Levine. Dynorphin-(1—13) induces spon- 
taneous feeding in rats. Life Sci. 18: 1901-1903, 1981. 

. Ostrowski, N. L., N. Rowland, T. L. Foley, J. L. Nelson and L. 
D. Reid. Morphine antagonists and consummatory behaviors. 
Pharmac. Biochem. Behav. 14: 549-560, 1981. 

. Rowland, N. Regulatory drinking: Do the physiological sub- 
strates have an ecological niche? Biobehav. Rev. 1: 261-272, 
1977. 

. Rowland, N. E. and S. M. Antelman. Stress-induced hyper- 
phagia and obesity: A possible model for understanding human 
obesity. Science 191: 310-312, 1976. 

. Rowland, N. E. and D. M. Marques. Stress-induced eating 
Misrepresentation? Appetite 1: 225-228, 1980. 

. Sanger, D. J. and P. S. McCarthy. Differential effects of mor- 
phine on food and water intake in food deprived and freely- 
feeding rats. Psychopharmacology 72: 103-106, 1980. 

. Sprague, J. M., M. Levitt, K. Robson, C. N. Liu, E. Stellar and 
W. W. Chambers. A neuroanatomical and behavioral analysis of 
the syndromes resulting from midbrain lemniscal and reticular 
lesions in the cat. Archs ital. Biol. 101: 225-295, 1963. 








Physiology & Behavior, Vol. 28, pp. 569-573. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A 


Flavor Preferences, Food Intake, and 
Weight Gain in Baboons (Papio sp.) 


JAMIE DOLLAHITE WENE 


Southwest Foundation for Research and Education, 8848 W. Commerce Street at Loop 410 
P.O. Box 28147, San Antonio, TX 78284 


GEORGE M. BARNWELL 
The University of Texas Health Science Center, 7703 Floyd Curl Drive, San Antonio, TX 78284 
AND 
DANIEL S. MITCHELL 
Southwest Research Institute, 6220 Culebra Road, San Antonio, TX 78284 


Received 9 November 1981 


WENE, J. D.,G. M. BARNWELL AND D. S. MITCHELL. Flavor preferences, food intake, and weight gain in baboons 
(Papio sp.). PHYSIOL. BEHAV. 28(3) 569-573, 1982.—To evaluate the influence of flavor on ad lib consumption and on 
associated changes in body weight, female baboons, 7-15 years of age, served in two experiments with seven monkey 
chows which were identical except for flavor: lemon, orange, apple, sugar, fruit punch, chocolate, and unflavored. In the 
first experiment, two groups of animals (n=7 and 4) received five of the seven flavors, presented in daily pair-wise 
combinations. Analysis of quantities consumed demonstrated marked and consistent flavor preferences in individual 
baboons. Although specific preference varied between animals, total amounts consumed of the various flavors differed 
significantly, with rank ordering clearly evident. Overall food intake and body weights increased significantly over baseline 
values obtained with a standard, unflavored chow. In the second experiment, three baboons received chow of a preferred 
flavor for nine weeks. Amounts consumed and body weights increased significantly over baseline. These results indicate 
that flavored chows may be useful for producing a nonhuman primate behavioral model of obesity and for inducing animals 
to eat otherwise unpalatable diets. 


Flavor preference Food intake Weight gain Obesity Diet palatability Baboons 
Eating behavior Food consumption 


OBESITY is an increasing problem in Western societies. In various nutrition studies in our colony, we have ob- 
While rarely cited as a primary cause of death, obesity fre- served baboons that appear consistently to prefer one type of 
quently is a contributing factor in the morbidity and mortal- diet over another. Other baboons appear to become bored 
ity resulting from other conditions such as hypertension and with a given diet and gradually reduce their average daily 
diabetes [10]. Attempts to induce obesity in laboratory spe- consumption. If offered a different chow for a few weeks, 
cies range from models which capitalize upon genetically many of these animals subsequently will resume eating nor- 
obese strains of animals [5], to those in which drugs or surgi- mal quantities of the original diet. These observations, 
cal manipulations produce gains in weight [6], to those in- coupled with a need to develop a nonhuman primate model 
volving forced ingestion of excessive calories [2]. However, of obesity, led us to investigate preferences for monkey 
many cases of human obesity are the result of a lifestyle chows of different flavors and to examine the effect that such 
characterized by habitual overeating, i.e., a behavioral prob- preferences have upon consumption and body weight of ba- 
lem which may be associated with complex patterns of boons. 

learned and unlearned responses to various psychological 

factors, cultural influences, and environmental (external) EXPERIMENT | 

cues [4,7]. A behavioral model of obesity in which body 
weight gains are produced and sustained by a voluntary in- The objectives of Experiment | were (a) to determine 
crease in food intake would more closely simulate the typical whether flavor preferences exist in baboons as reflected in 
overweight human and could provide a preferred model for quantities consumed of chows of different flavors, (b) to rank 
many research applications. the flavored chows in order of preference, and (c) to examine 


‘Supported by grant HL-19362 from the National Heart, Lung, and Blood Institute of the National Institutes of Health. A portion of these 
data were presented at the fourth annual meeting of the American Society of Primatologists, San Antonio, TX, June 2-5, 1981 
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TABLE | 


MEAN CONSUMPTION AND BODY WEIGHTS FOR GROUPS 1 AND 2 
OF EXPERIMENT | 





Consumption Body Weight 
g/animal/day (SE) kg (SE) 





= 


Group | (n=7) 
Baseline 245.0 
Test 365.2 
Pp 0.052 

Group 2 (n=4) 

Baseline 291.3 (19.2) 15.4 (0.4) 
Test 365.5 (113.2) 15.4 (0.3) 
p ns ns 


(23.1) 5.9 (4.5) 
(49.6) 17.0 (1.6) 
0.026 





changes in body weight associated with feeding flavored 
chows. 


METHOD 


Eleven adult female baboons (Papio sp.), ranging in age 
from 7 to 15 years, were housed individually in indoor cages 
fitted with two feeders. Baboon Chow, the standard ex- 
truded diet used at Southwest Foundation for Research and 
Education, was fed for a period of four weeks to determine 
baseline average daily consumption and to accustom the 
animals to eating from two feeders. Following the baseline 
period, two groups of animals received five flavors presented 
in daily pair-wise combinations. Group | (n=7) received lem- 
on, orange, fruit punch, chocolate, and an unflavored 
chow; and Group 2 (n=4) received lemon, orange, sugar, 
apple, and the unflavored chow. Each of the 10 possible 
flavor pairings for each group of animals occurred twice, 
with feeder position counterbalanced to control for spatial 
preference. The same flavor never occurred in any two suc- 
cessive daily pairings. Between 9 and 10 a.m. each day, the 
animals were offered 500 g of each of the two flavors as- 
signed that day. After 90 minutes, the residual feed was col- 
lected and weighed; amounts ingested were calculated by 
subtraction. 

The flavored chows were a soft pellet, identical except for 
flavor. Each contained 58.4% Purina Monkey Chow 25- 
5045-6 (a grain-based meal), 17.5% lard, 17.5% syrup, 5.8% 
additional water, 0.5% salt, and 0.2% additional vitamins. 
The orange, lemon, and punch syrups which provided the 
flavor and the source of sugar were commercial concentrates 
used in making fruit-flavored soft drinks. The chocolate 
flavoring was canned chocolate syrup, the apple was concen- 
trated frozen apple juice, and the sugar was table sugar. The 
flavored chows contained 37% carbohydrate, 15% protein, 
and 19% fat by weight. All flavors had an equivalent amount 
of simple carbohydrate added such that 75% of the carbo- 
hydrate was complex and 25% simple. The unflavored chow 
was made with 70% Monkey Chow meal and no syrup. This 
resulted in 35% carbohydrate, 14% protein, and 20% fat, a 
proportion of nutrients similar to the flavored chows, but 
with 95% complex carbohydrates. All chows had a caloric 
density of approximately 3.7 kcal/g. 
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FIG. 1. Mean (and SE) consumption in g/animal/day of five flavored 
chows offered to Group 1: punch, 259.7 (SE=59.2); orange, 243.8 
(43.4); lemon, 239.5 (20.5); unflavored, 99.3, (38.2); chocolate, 71.0 
(29.0). 


RESULTS 


Table 1 shows the overall average daily consumption of 
the flavored diets offered to each group of animals. Mean 
daily food intake of Group | increased by 120.2 g during the 
flavor test period as compared to baseline average daily con- 
sumption, paired #(6)=2.41, p=0.052. Preferences for the 
individual flavors, indicated by mean consumption in 
g/animal/day, are ranked in Fig. 1. A repeated measures 
analysis of variance revealed significant differences in 
amounts consumed of the different flavors, F(4,24)=6.42, 
p=0.001. Pair-wise statistical comparisons indicated that le- 
mon, orange, and fruit punch were equally preferred with no 
significant differences in mean consumption. All three of 
these flavors were preferred to either the unflavored or the 
chocolate of which the animals ate only 99.3 g (SE=38.2) and 
71.0 g (SE=29.0) per day, respectively. As shown in Table 1, 
the increased consumption during the flavor test period re- 
sulted in a statistically significant body weight gain, paired 
1(6)=2.94, p=0.026. 

Table 1 also shows average daily consumption and body 
weight during the baseline and flavor test periods for Group 
2. Food intake increased during the test period, although the 
difference, averaged over all animals, was not statistically 
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FIG. 2. Mean (and SE) consumption in g/animal/day of five flavored 
chows offered to Group 2: lemon, 268.9 (SE=88.7); orange, 213.3 
(67.8); sugar, 184.7 (69.2); unflavored, 137.3 (42.5); apple, 113.9 
(35.9). 


significant. Figure 2, which ranks consumption in 
g/animal/day, shows a graded preference for the five flavors. 
As in Group 1, overall consumption of the various flavors 
differed significantly, F(4,12)=3.23, p=0.05, with lemon 
being most preferred and apple least preferred. However, 
none of the statistical comparisons among pairs of flavors 
was significant at the p<0.05 level. This outcome contrasts 
with data of Group 1 which clearly preferred three, and 
clearly disliked two, of the five flavors. There was no weight 
change for Group 2 as a whole. However, one baboon ate 
only 43.7 g/day (SE=29.3) during the test period, a decrease 
from 277.2 g/day during baseline, and lost 2.0 kg of body 
weight. The reduction in intake and the associated weight 
loss offset the gains of the other three baboons which con- 
sumed an average of 472.8 g/day and gained 0.63 kg during 
the test period. The ten-fold difference in intake emphasizes 
the variability of individual preference among animals. 
Other instances of marked variability in flavor preference 
were noted among baboons. For example, three of four 
animals in Group 2 selected lemon as most preferred, 
whereas the fourth ranked the flavors completely differently 
with the unflavored chow being the most preferred followed 
by lemon and punch. On the other hand, consistencies in 
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order of preference existed for some subsets of animals. In 
Group 1, for example, three pairs of baboons generated 
identical rank orderings. Further, certain flavors tended to 
receive consistently high rankings. Lemon and punch were 
ranked first or third with orange always ranked second by six 
animals in Group 1. The uniform rejection of chocolate by all 
animals provided additional evidence of consistency. 


EXPERIMENT 2 


The objectives of Experiment 2 were (a) to feed chows of 
preferred flavors for nine consecutive weeks in an attempt to 
produce further increases in body weight, and (b) to deter- 
mine whether the increased intake of the preferred chows 
would be maintained with continued daily feeding. 


METHOD 


Three baboons from Experiment | were fed a regular, 
extruded chow (Wayne Monkey Diet) for at least four 
months prior to Experiment 2. The animals then received 
punch flavored chow for six weeks and orange flavored 
chow for the next three weeks. Two of the three animals had 
preferred the punch flavor in Experiment 1. While punch 
was the third choice of the third animal, her intake of the 
punch flavored diet was considerably greater than that of the 
unflavored regular chow. The orange flavored chow was the 
second choice of all three baboons. 

The animals were offered a weighed amount of flavored 
chow between 7 and 9 a.m. Each baboon always received 
more than she would eat, so that intake never was limited by 
quantity available. After 90 minutes, the residual feed was 
collected and weighed. The animals were weighed at the 
beginning of the experiment and every three weeks thereaf- 
ter. 

RESULTS 

The average daily consumption of the punch and orange 
chows dropped below that of the preference testing period of 
Experiment 1, but was significantly greater, paired 1(2) 
=3.64, p=0.034, than mean daily intake of the standard, 
unflavored chow during the baseline period (Table 2). There 
was no decreasing trend in daily amounts ingested during the 
punch and orange test periods. Overall weight gains were 
statistically significant, paired 1(2)=2.76, p=0.055, with in- 
dividual animals increasing their body weights by 15.7, 11.5, 
and 2.4 percent (Table 3). 


GENERAL DISCUSSION 


Obesity has been produced experimentally by selective 
breeding of various laboratory species, particularly rats and 
mice [5], and genetically obese lines probably could be de- 
veloped in other species given sufficient time. Surgical and 
chemical lesions in the hypothalamus can cause hyperphagia 
and obesity [6], and such procedures have been used suc- 
cessfully in mice and rats. In contrast, the reported incidence 
of obesity following hypothalamic lesioning of monkeys is 
low, ranging from one in fifty to six in twelve [2]. The rele- 
vance of obesity caused by hypothalamic lesions to obesity 
in humans is questionable. 

Obesity produced by an increase in energy intake, with- 
out surgical, genetic, or other physiological manipulations, 
would seem to be a better model of most instances of human 
obesity. Rhesus monkeys have been overfed by confining 
them in restraining chairs and force feeding through 
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TABLE 2 


AVERAGE DAILY FOOD CONSUMPTION OF 3 BABOONS DURING BASELINE AND DURING 
EXPERIMENTS | AND 2 





Baboon Baseline* Experiment 1+ 


Experiment 2 


Punch Orange Mean 





X1056 273.6 (18.1)4 446.5 (28.7) 
A778 157.3 (17.0) 481.3 (32.3) 
X 1907 339.4 (29.5) 574.0 (36.1) 


349.3 (22.5) 324.9 (23.2) 339.1 (16.4) 
325.8 (20.2) 341.6 (21.8) 329.6 (14.9) 
463.6 (18.6) 381.2 (29.9) 443.1 (15.2) 





*Standard unflavored chow. 
+Flavored chows. 


tUnits are g/animal/day; values in parentheses are SE’s. 


TABLE 3 


BODY WEIGHTS AND WEIGHT CHANGES IN kg OF 
3 BABOONS DURING EXPERIMENT 2 





Initial 
Baboon Weight Punch Diet* 


Overall 
Orange Diet* Weight Gaint 





X1056 15.32 16.36 (+ 1.04) 
A778 24.50 25.16 (+0.66) 
X1907 17.32 19.98 (+2.66) 


17.08 (+0.72) + 1.76 (+11.5%) 
25.10 (—0.06) +0.60 (+ 2.4%) 
20.04 (+0.06) +2.72 (+15.7%) 





*Body weight after 6 weeks of punch flavored diet. Values in parentheses are 


weight changes. 


+Body weight after 3 weeks of orange flavored diet. 
tTotal weight gain during Experiment 2; overall average increase significant at 


0.05 level. 


intragastric catheters [2]. While this method predictably 
produces obesity, it is expensive and poses an added health 
risk to the animals. Another method of overfeedig involves 
offering a variety of palatable foods, such as candy, cookies, 
and cheese at each meal [3,9]. Problems with this method 
include the high costs of the food products and of labor, and 
the impracticality of accurately measuring and analyzing nu- 
tritional content and quantities consumed. A third method of 
overfeeding is to offer animals a diet which is considerably 
higher in fat, and therefore more calorically dense, than the 
diet to which. they are accustomed. This approach has been 
used successfully with rats [1,8]. 

The method reported here indicates that statistically sig- 
nificant weight gains can be induced in baboons in a rela- 
tively short time through the use of a chow which is high in 
fat and sucrose and which also is flavored to the animals’ 
preference. Because of differences in preference among 
animals, use of this method requires an initial determination 
of each subject’s individual preference. Our data indicate, 
however, that consistencies in preference exist among sub- 
groups of animals. Thus, animals with similar preferences 
could be housed together and fed a diet of their common 
preferred flavor. 

While flavored diets are about 40% more expensive than 
regular chow, they are less costly than diets offering a large 
variety of foods. Further, because the flavored chows are 


homogeneous, it is possible to calculate intakes accurately 
and to control and manipulate nutritional composition. Feed- 
ing a flavored chow also is cheaper and simpler than force 
feeding, and it eliminates the complications associated with 
chronic chair restraint and intragastric intubation. 

The increase in intake associated with feeding flavored 
chows may be due to the influence of the preferred flavor per 
se, to dietary novelty or variety, or to a combination of these 
factors. The results of Experiment 2 suggest that novelty and 
variety do not play a major role under the conditions of this 
study. That is, baboons fed chows of preferred flavor in- 
creased their average daily intake over baseline quantities 
and continued to consume the increased amounts throughout 
a nine-week test period. 

In summary, we have demonstrated that baboons will 
voluntarily increase food intake when fed a chow of pre- 
ferred flavor, that the increased intake can be sustained for 
many weeks, and that significant gains in body weight can be 
produced in a relatively short time. These results suggest 
that this behavioral method may be useful for producing a 
nonhuman primate model of obesity and also for inducing 
animals to eat otherwise unpalatable experimental diets. 
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AMIR, S. AND M. BERNSTEIN. Endogenous opioids interact in stress-induced hyperglycemia in mice 


PHYSIOL 


BEHAV. 28(3) 575-577, 1982.—Intermittent inescapable foot shock stress for | hour elicited significant hyperglycemia in 
mice. Pretreatment with the long acting narcotic antagonist naltrexone (1.0 mg/kg, | hr prior to stress) prevented stress 
hyperglycemia. Naltrexone did not affect blood glucose in unstressed control mice. These findings suggest the involvement 
of endogenous opioids in the hyperglycemic response to stress in mice. The possible mode of interaction of endorphin in 


stress hyperglycemia is discussed. 


Stress Hyperglycemia Naltrexone Mice 


THE opioid peptide -endorphin elicits significant 
hyperglycemia upon intracistercial administration in rats in 
addition to producing its better known analgesic and 
cataleptic actions [21]. This effect involves activation of 
specific opiate recepiors as is evident from blockade by the 
narcotic antagonist naloxone and is correlated with en- 
hanced central sympathetic outflow to the adrenal medulla 
and increased epinephrine mobilization into the blood circu- 
lation [20,21]. Also, there is naloxone reversible stimulation 
of glucagon and insulin release from pancreatic cells follow- 
ing B-endorphin administration [11]. These findings suggest 
involvement of endogenous opioids in glucoregulation. 

B-Endorphin is synthesized and stored in the pituitary 
gland and hypothalamus and is released in significant quan- 
tities mainly in response to stress, less so under normal cir- 
cumstances [I, 10, 17]. Numerous studies demonstrated 
marked hyperglycemia following exposure to stress in both 
animals and humans. We investigated the action of the long 
acting opiate antagonists naltrexone on_ stress-induced 
hyperglycemia in mice and report findings compatible with 
the involvement of endorphin in this effect. 


METHOD 


Male BALB/C mice, 10 weeks old, were injected sub- 
cutaneously with saline (0.2 ml/mouse) or naltrexone (1.0 
mg/kg in 0.2 ml saline) and | hr later placed on a grid floor 
inside an operant chamber where they received inescapable 
foot shocks for | hr. (Shock parameters: 3 mA intensity, 2 
sec duration, at random 10 shocks/min). A similar stress 
paradigm was shown previously to release hypothalamic and 
pituitary B-endorphin and to increase plasma B-endorphin 
concentrations in rats [2,18]. Control mice were injected 
with saline or naltrexone and handled as the stressed mice 
except that they did not receive foot shock. Mice were de- 
capitated immediately following the termination of the stress 
or control treatments, blood was collected and glucose was 
determined using a routine o-toluidine method. Data were 
analyzed by analysis of variance and Student’s f-tesi. 


Endorphin 


RESULTS 


Inescapable foot-shock stress induced a 30% rise in blood 
glucose levels in mice (Fig. 1) (F(1,36)=26.51, p<0.001). 
Naltrexone pretreatment attenuated stress-induced hyper- 
glycemia (p<0.05) but did not significantly affect blood glu- 
cose in unstressed control mice (F(1,36)=12.56, p: 
0.001). Only a 10% increase in blood glucose was noted in 
the stressed naltrexone-treated mice. We also tested the ef- 
fect of foot shock stress and naltrexone treatment on blood 
glucose levels of 24 hr food deprived mice. Food deprivation 
resulted in a 40% decrease in basal blood glucose concentra- 
tions compared to non-deprived, saline-treated controls 
(p <0.05). Foot-shock stress did not significantly affect blood 
glucose in these mice, as only a 6% increase in glucose levels 
was noted, and no effect of naltrexone was observed. 


DISCUSSION 


Inhibition by naltrexone of changes in blood glucose in- 
duced by foot shock treatment suggests that activation of 
opiate receptors by released opioids may be a requisite func- 
tion in stress-induced hyperglycemia in mice. Endorphin 
seems not be involved in basal glucoregulation as naltrexone 
does not affect blood glucose levels in unstressed mice. In 
humans, post-operative hyperglycemia was blocked by the 
mixed agonist-antagonists buprenorphine [14] but not with 
small though clinically effective doses of naloxone [7]. The 
failure of naloxone to block hyperglycemia during anesthesia 
or surgery may be due to the short half-life of this antagonist. 
The findings with buprenorphine, together with observations 
on increased plasma B-endorphin during surgery [6], is in line 
with the present results of involvement of endorphin in 
stress-induced hyperglycemia. 

The mechanism(s) by which endorphin mediates stress 
hyperglycemia is not certain. The hyperglycemic effect of 
intracistercially administered B-endorphin in rats depends on 
intact sympathetic input to the adrenal medulla [21]. 
Morphine-induced hyperglycemia also depends on the func- 
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FIG. 1. Effect of foot-shock stress and naltrexone (1.0 mg/kg) 
(hatched bars) on blood glucose concetations in BALB/C mice. The 
bars and the vertical lines represent means+SEM (n=10 
mice/group). The asterisks indicate: (*) significant difference from 
saline-treated unstressed control group; (**) significant difference 
from saline-treated, stressed group (p<0.05). 
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tional integrity of the sympathetic apparatus [3,22]. These 
findings suggest the interaction of endorphin with both cen- 
tral (hypothalamic) and peripheral elements of the sympa- 
thetic nervous system in stress-induced hyperglycemia. 
Endorphin could also affect epinephrine secretion, and con- 
sequently blood glucose levels by interacting with opiate re- 
ceptors in adenomedullary chromaffin cells [5]. Morphine 
has been shown to stimulate the release of epinephrine from 
chronically denervated rat adrenal gland in vivo [23]. Curi- 
ously, failure of foot shock stress to affect blood glucose in 
24 hr food-deprived mice may be linked, in part, to a deple- 
tion of hypothalamic B-endorphin content in these mice. 
Such an effect has been reported in starved rats [8]. Inhibi- 
tion of the sympathetic system due to starvation and conse- 
quent decrease in epinephrine secretion may also contribute 
to the lack of effect of stress on glucose levels in food- 
deprived mice (i.e., [24]). Finally, endorphin may affect blood 
glucose concentrations by enhancing pancreatic glucagon se- 
cretion. This is in line with recent findings on the effect of 
opiates on glucagon secretion from isolated perfused dog 
pancreas and in conscious dogs in vivo [11,12]. Interestingly, 
B-endorphin is located within the pancreatic islets, suggest- 
ing that it may participate in intraislet regulation of glucagon 
secretion [9]. Opiates have also been shown to stimulate 
insulin secretion from isolated dog pancreas [11], from cul- 
tured pancreatic cells in vitro [13] and in rats in vivo [4]. 
Naloxone reduced insulin secretion from isloated pancreatic 
cells obtained from genetically obese mice [16]. However, 
endogenous opioids do not seem to be significantly involved 
in insulin secretion in vivo [19], let alone that such secretion 
is largely inhibited during stress [15]. To conclude, our data 
suggest involvement of endogenous opioids in stress 
hyperglycemia. Naltrexone, a potent, long acting narcotic 
antagonist blocks stress-induced hyperglycemia. It may be 
of interest to consider the use of this compound in treating 
hyperglycemia in certain traumatic conditions in humans. 
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DAMASSA, D. A., D. K. CLIFTON AND D. I. WHITMOYER. A system for the detection and analysis of ultrasonic 
calls. PHYSIOL. BEHAV. 28(3) 579-581, 1982.—An electronic system for the acquisition, display and analysis of ul- 
trasonic calls is described. This system generates output signals proportional to the predominant call frequency which can be 
recorded in real-time on a polygraph or subjected to detailed analysis by computer. In addition, a frequency-shifted audio 


output is provided. 


Vocalizations Ultrasonics Frequency analysis 


Data reduction 


MANY different animal groups, including insects, rodents, 
bats, whales and dolphins, emit sound vibrations at fre- 
quencies higher than 20 kHz [4]. These ultrasonic signals 
show species differences and serve such diverse purposes as 
communication between individuals and navigation via echo 
location. To gain a better understanding of the function of 
ultrasonic calls in various species, the characteristics of in- 
dividual calls must be correlated with the behavioral context 
in which the call is produced. The relatively high frequency 
and short duration of most ultrasonic calls, however, make 
their analysis with standard audio techniques impossible. 
Therefore, characterization of ultrasonic calls is usually ac- 
complished by first recording a call or series of calls at high 
speed on a wide-band tape recorder. The tape is then re- 
played at a much lower speed to produce a call within the 
audible range which can be subjected to sonographic 
analysis. Although the sound spectrogram which is gener- 
ated by this procedure yields a detailed analysis of all the 
frequency components of a call, the process of its production 
is so time-consuming that it discourages investigators from 
analyzing large numbers of calls. This report describes the 
use of a phase-locked loop (PLL) circuit to monitor the pre- 
dominant frequency and the duration of an ultrasonic call 
while it is being emitted. Real-time collection of data permits 
one to study large numbers of calls over extended periods of 
time. In addition, a frequency shift circuit is presented which 
allows one to monitor ultrasonic calls acoustically. 

A block diagram of the apparatus used in our laboratory 
for monitoring ultrasonic calls is shown in Fig. 1. A solid 
dielectric capacitance microphone is used for ultrasound 
transduction [3]. Initial amplification is provided by a two- 
stage, low-noise integrated circuit preamplifier [5] (voltage 
gain=26 dB/stage) located within the microphone housing. 
The output of the preamplifier is filtered by a fourth-order 
high pass filter [2] (18 kHz cut-off), amplified in a noninvert- 





Phase-locked loop 


Data acquisition system 


ing operational amplifier circuit [1] (voltage gain=32 dB) and 
passed to the PLL and frequency shift circuits. 

A schematic diagram of the PLL circuit is shown in Fig. 
2A. When locked onto a signal, the output of the loop is a DC 
voltage directly proportional to the input signal frequency 
[5]. The frequency range of a given loop is mainly deter- 
mined by its center frequency, which is set by the 10 KD) 
variable resistor connected to pin 8 of the NES65 (Fig. 2A). 
A loop locked on a signal at its center frequency has an 
output of zero volts. Signals above the center frequency 
produce positive potentials, those below the center fre- 
quency, negative ones. Using the component values shown 
in Fig. 2A, the center frequency can be set to values from 18 
to at least 100 kHz. The locking range is approximately + 40% 
of the center frequency. If signals are outside the locking 
range of a given loop, or if no signal is present, the output 
voltage will be near zero, thus creating an area of ambiguity 
(i.e., ‘““dead space’’) around the center frequency. By over- 
lapping the lock ranges of two more loops, however, one can 
cover this dead space and ensure that all frequencies within a 
given range will be accurately detected. For monitoring the 
ultrasonic vocalizations of infant rodents we use three 
phase-locked loops (Fig. 1) with center frequencies of 75 
kHz (high), 60 kHz (mid) and 30 kHz (low). The overlapping 
ranges of these three loops permit detection of ultrasonic 
signals at any frequency between 23 and 105 kHz. To cali- 
brate the system, the output offset balance (Fig. 2A) of each 
loop is adjusted to zero while the loop is locked on its center 
frequency. The desired mV/kHz relationship is then set with 
the output voltage calibrate control (Fig. 2A). The outputs of 
the PLL circuits are displayed on a polygraph for visual 
analysis or fed via an analog-to-digital converter to a labora- 
tory computer for processing and storage. 

The frequency shift circuit presented here is an updated 
version of the direct-conversion heterodyne detector de- 
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FIG. 1. Block diagram of ultrasonic call monitoring system. 
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FIG. 2. Schematic diagram of circuits used in the ultrasonic call 
monitor. All resistors are 1/4 watt, 5% and capacitance values are in 
uF. (A) Phase-locked loop circuit, adjustable controls are (from left 
to right): input sensitivity, center frequency, output offset balance, 
and output voltage calibrate. (B) Frequency shift circuit. Adjustable 
controls are: input sensitivity (left) and pulse generator frequency 
(right). 


scribed by Sales and Pye [4] and is similar in function to ones 
used in some of the commercially available audio monitors 
[6]. In the circuit shown in Fig. 2B, the output of the pulse 
generator (555) is mixed with the signal from the ultrasonic 
microphone and demodulated to yield an audible difference 
frequency. The frequency of the pulse generator is set to 10 
kHz by the variable 10 KQ resistor attached to pin 7. Since 
the pulse generator produces a fundamental signal at 10 kHz 
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FIG. 3. Ultrasonic call from 7-day-old rat pup as measured by a Kay 
Elemetrics Model 6061B Sonograph (A) and by phase-locked loops 
(B). Loop output signals were sampled and processed by an LSI-11 
computer. 


as well as harmonics at 10 kHz intervals, no incoming signal 
can be more than 5 kHz from one of these harmonics and 
therefore must produce an audible difference frequency. 

To assess the accuracy of our system, ultrasonic vocali- 
zations from infant rats were recorded and then subjected to 
standard sonographic analysis [4] as well as real-time 
analysis with the phase-locked loop circuit and an LSI-11 
computer. The computer sampled and stored the output of 
the three loops (Fig. 1) at 2 msec intervals, ignoring input 
from loops not locked onto a signal. These data were then 
used to generate a plot of call frequency over time. Results of 
sonographic and phase-locked loop analysis of one call are 
shown in Fig. 3. A comparison of the sound spectrogram 
(Fig. 3A) with the computer-generated plot (Fig. 3B) indi- 
cates that the phase-locked loop circuits give an accurate 
analysis of the predominant frequency and the duration of 
ultrasonic calls. 





ANALYSIS OF ULTRASONIC CALLS 


Detailed information about the frequency-time structure 
of ultrasonic waveforms is best obtained by using sound 
spectrographic or computer-assisted Fourier analysis of tape 
recorded signals. Both of these methods provide information 
about the fundamental and harmonic structure of various 
acoustic signals but are time-consuming to perform and, with 
currently available equipment, are unable to provide real- 
time analysis of biologically relevant ultrasonic signals. The 
use of PLL circuits as described in this paper provides an 
economical means of performing a real-time analysis of ul- 
trasonic signals. A single loop circuit can be used to monitor 
a narrow band of frequencies or a network consisting of 
several loops set at different center frequencies, as described 
here, can be used to perform a broadband analysis. 

A transient signal analyzer (period meter) for ultrasonic 
signal analysis was described recently by Simmons e? al. [6] 
and is available commercially. The function of this circuit is 
similar to the PLL circuit in that the output voltage is di- 
rectly proportional to the fundamental frequency of the in- 
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put signal. For broadband analysis, the PLL circuits require 
the monitoring of the outputs of several loops, whereas the 
period meter has a single output. However, the phase-locked 
loop circuits are easier to construct and the parts are inex- 
pensive. Although both the phase-locked loop system and 
the period meter provide a real-time analysis of ultrasonic 
signals, they monitor only the fundamental frequency of a 
call and cannot provide information about its harmonic 
structure. 
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JUDGE, M. E. AND D. QUARTERMAIN. Characteristics of retrograde amnesia following reactivation of memory in 
mice. PHYSIOL. BEHAV. 28(4) 585-590, 1982.—Amnesia for approach-avoidance learning was induced in mice by 
injecting the protein synthesis inhibitor anisomycin (ANI) immediately, |, or 2 hours, but not 3 hours after training. A 
robust amnesia could be demonstrated if ANI was administered 3 hours after training, immediately following a 60 second 
exposure to the training apparatus or to a structurally similar environment. The temporal gradient of effectiveness of amnesia 
production by ANI was significantly steeper following reactivation treatment than it was following initial training. In addition, 
while amnesia produced by the conventional procedure remained stable for 6 days, the amnesia induced following reac- 
tivation treatment spontaneously recovered 4 days after training. These findings are discussed in terms of their relevance to 


interpretations of retrograde amnesia studies. 


Anisomycin 
Passive avoidance 


Amnesia 
Retrieval 


A NUMBER of methods of disrupting electrical or biochem- 
ical activity of the CNS after a training episode have been 


shown to produce retrograde amnesia. A common feature of 


these methods is that as their temporal separation from the 
training session increases, they lose their capacity to induce 
a memory deficit [12,16]. This fact has long been taken as 
evidence that memories are gradually consolidated from a 
labile state into a permanent, non-disruptible one [11]. 

Experiments using ECS as an amnesic agent have shown 
that preceding the ECS with exposure to a limited portion of 
the training stimuli (reactivation treatment) at a time after 
training when ECS alone would be ineffective can result in 
the production of a memory deficit similar to that seen when 
ECS follows training immediately [1, 2, 6, 10, 13]. This find- 
ing is inconsistent with the premise that experimental am- 
nesia results from disruption of a gradually consolidating 
memory trace, and has been interpreted as supporting the 
contention that the amnesias are induced deficits in the re- 
trieval of information from storage rather than the result of a 
disruption of storage [2, 9, 15, 16]. 

Since reactivation-induced amnesias have significant im- 
plications for theories of memory processing, it is important 
that the data supporting the phenomenon be broadly based. 
Evidence for the effect derives largely from the results of 
studies in which amnesias have been produced by either 
ECS (e. g., [2,9]) or hypothermia (e.g., [15]). The phenom- 
enon is not firmly established for amnesias induced by phar- 
macological manipulations [1]. The intention of the initial 
experiments in this study was to attempt to demonstrate that 
the reactivation effect can be generalized to amnesias 


Approach-Avoidance conditioning 


Memory Reactivation Mice 


produced by pharmacological manipulations, specifically the 
use of a protein synthesis inhibitor. Additional experiments 
explore the temporal gradient and the durability of an am- 
nesia for a reactivated memory. 


GENERAL METHOD 


Behavioral Task 


In all experiments memory was measured with an 
approach-avoidance task by observing the suppression of a 
drinking response due to prior shock experience. Thirsty 
mice were trained to drink from a water tube in one session 
and in the next they were shocked for making the drinking 
response. On the test day latency to complete a specified 
amount of drinking constituted the retention measure 


Animals 


Five hundred fifty three male Swiss Webster mice (West 
Jersey Biological Supply) approximately eleven weeks old 
and weighing 30 to 40 grams were the subjects in these exper- 
iments. 


Apparatus 


Mice were trained and tested in two identical small black 
lucite chambers, each (10 cm x 10 cm x Sem high) with an 
aluminum plate floor. In the center of one wall, 1.3 cm above 
the floor, a stainless steel water tube was accessable through 
a 1.3 cm hole. The floor plate and water tube served as 
electrodes which could be automatically connected to either 
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a contact sensor or a constant current shock source (Lehigh 
Valley Electronics). Closure of a clear lucite lid activated 
solid state control and data collection circuitry (BRS/LVE), 
establishing zero time for a response latency timer. Three 
different chambers were used for reactivation treatments: (1) 
the testing chamber with the water tube removed; (2) a white 
lucite chamber of the same design as the testing chamber but 
with a solid floor and no hole for a drinking tube; and (3) a 
large white-painted sheet aluminum cylinder 103 cm in di- 
ameter and 53 cm high with a solid floor and no top. All 
testing took place in a quiet, dimly lit room maintained at 


22°C. 


Pri ie ‘edure 


An experiment consisted of three sessions; adaptation, 
training and testing, occuring on three separate days. Mice 
were water deprived in their group cages for one day, and 
then were housed two to a cage at least two hours before 
their first session. During this adaptation session, an ap- 
proach response was established by permitting mice to lo- 
cate the tube and drink for 5 seconds. Latency to complete 
this contact was used as the behavioral measure for the task. 
Latency to first contact, frequently employed to quantify a 
drinking response, was not used since it was subject to ar- 
tifacts produced by exploratory activity. Following each 
session mice were given one hour of access to water, and this 
twenty-three hour daily deprivation schedule was main- 
tained for the duration of the experiments. 

In the second session (training) 24 hours after adaptation, 
mice were again permitted to make 5 seconds contact with 
the water tube. Once this contact was completed control 
circuitry responded to subsequent contacts by switching the 
tube to a source of 2.0 mA shock. This produced an im- 
mediate withdrawal response, following which the apparatus 
reset to detect and shock further contacts. Shock initiation 
started a timer, and when the mouse suppressed drinking for 
60 seconds, avoidance training was considered complete and 
the session was terminated. A maximum of seven shocked 
responses were permitted, and if only one response had been 
made, mice were permitted up to three minutes to make a 
second. On either the adaptation or training session, animals 
were eliminated from the study if they failed to drink within 
three hundred seconds, resulting in a discard rate of approx- 
imately 2%. Following training, mice received an injection if 
their group had been designated for treatment immediately 
after training. All mice were brought back to the vivarium to 
be returned to the testing area later if they were to receive a 
reactivation treatment and/or an injection. 

The last session (retention) test took place twenty-four 
hours later in all experiments except one, in which the reten- 
tion interval was varied from one to six days. In this session 
the latency to make five seconds contact was again meas- 
ured, a high latency indicating good memory of the 
avoidance conditioning. A latency of 1000 seconds was as- 
signed as an animals’ score if it failed to respond within that 
time. 

In all experiments mice were randomly assigned to differ- 
ent treatment groups after training in order to insure that the 
mean number of shocks taken by each group was approx- 
imately equal. The mean number of shocks received by mice 
during training was 3.91+0.38 (SEM) and the correlation of 
individual test latencies with training shocks was not signifi- 
cant (r=0.18, r=0.69, p>0.1). 


JUDGE AND QUARTERMAIN 


Drugs 


All drugs were injected subcutaneously in a volume of 
0.01 ml/gram of body weight using 25 gauge disposable 
syringes. Injections consisted of either physiological (0.9%) 
saline (SAL) or anisomycin (ANI, generously supplied by 
Nathan Belcher, Pfizer Pharmaceuticals) dissolved in saline 
as follows: for a dose of 210 mg/kg, 210 mg of ANI was 
dissolved in hot glacial acetic acid, saline was added, pH 
brought to neutral (7.0+0.2) by dropwise addition of 5 N 
NaOH while stirring, and additional saline was added to 
bring the final volume to 10 ml. 


Data Analysis 


All latencies were transformed from seconds to log- 
seconds to normalize the distribution of scores. Analyses of 
variance (ANOVA) were performed where appropriate and 
t-tests were used to evaluate differences between individual 
groups. 


EXPERIMENT 1A 


The first experiment was designed to establish (A) the 
ability of the protein synthesis inhibitor anisomycin to 
produce amnesia in this task and (B) the temporal gradient of 
susceptibility of the memory of approach-avoidance condi- 
tioning to disruption by ANI. 


METHOD 


Independent groups of 7-10 mice were injected with 
saline or one of three doses of ANI (30, 100, or 210 mg/kg) 
immediately after training. One reference group received 
saline and no shock. 

RESULTS 

The 24 hour test latencies of the four treatment groups are 
shown in Table 1. A one-way ANOVA established that ANI 
produced amnesia for the training shock in a dose-dependent 
manner, as indicated by response latencies which decreased 
with increasing dose, F(3,34)=5.31, p<0.01. Each drug dose 
produced shorter test latencies than a saline injection (see 
Table 1), but since the highest dose produced the greatest 
effect with no evidence of debilitation on the test day, 210 
mg/kg was used for all subsequent ANI treatments. 


EXPERIMENT IB 


METHOD 


Independent groups of 8-14 mice were either injected 
subcutaneously with 0.9% saline (SAL) immediately after 
training (0 hour) or else were injected with ANI (210 mg/kg) 
0, 1, 2, 3, or 6 hours after training. 


RESULTS 


The test latencies of the 6 treatment groups are displayed 
in Fig. 1. This procedure resulted in the expected graded 
amnesia. A one-way ANOVA on the ANI injected mice es- 
tablished that there was a significant increase in latency 
with increasing time between training and _ injection, 
F(4,38)=4.94, p<0.01. Compared to animals injected with 
Saline after training, animals given ANI 0, 1, or 2 hours after 
training were amnesic (respectively: 1(21)=6.34, p<0.0001; 
1(20)=2.30, p<0.004; 1(20)=2.85, p<0.01) while the latencies 
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FIG. 1. Time course of effectiveness of amnesia production by 
anisomycin administered after initial training. High latencies indi- 
cate good memory. Significant amnesia was produced with delays of 
up to two hours after training (latency significantly different from 
saline=*). 


of those injected with ANI 3 or 6 hours after training were 
not different from the saline group (¢=0.59 and r=1.02). 


EXPERIMENT 2 


The second experiment consisted of an attempt to 
produce amnesia with an ANI injection 3 hours after training 
by exposing mice to environments with varying degrees of 
similarity to the training apparatus immediately before ad- 
ministering the injection. 


METHOD 


Three hours after training mice were returned to the test- 
ing area from the vivarium and subjected to one of four be- 


havioral treatments followed by an injection of ANI or SAL, 
then returned to the vivarium. Group | (N=33) was re- 
exposed to the training environment by being placed in the 
original apparatus for 60 seconds and then immediately in- 
jected with ANI or SAL. The water tube was not in the 
apparatus at this time. Group 2 animals (N=35) were treated 
the same as those in Group | but placed in a different en- 
vironment, the same dimensions as the training apparatus 
but having white walls, a solid floor, and no hole for a water 
tube. Animals in Group 3 (N=25) were also treated as Group 
1 but were placed in a very different environment; a large 
white cylinder with a solid floor and no top. Group 4 (N =25) 
was only brought into the test area and injected with ANI or 
SAL as in Experiment 1. 


RESULTS 


Figure 2 shows the test latencies of eight treatment 
groups. A two way ANOVA carried out on these data indi- 
cates a significant difference between drug treatments, 
F(1,104)=32.70, p<0.001, but no overall effect of behavioral 
treatments, F=1.76, and no significant interaction, F=1.17. 
Subsequent comparisons of ANI or SAL scores for the dif- 
ferent treatment groups show that a significant degree of 
amnesia occurs in group 1, 7(31)=3.78, p<0.001 and in 
Group 2, 1(33)=3.58, p<0.002, but in Groups 3 and 4 ANI 
treated mice were not reliably different from their SAL in- 
jected controls, *=1.32 and 1.46, respectively. These find- 
ings indicate that brief exposure to the original training appa- 
ratus and to a structurally similar environment permits ANI 
to induce an amnesia at a time after training when the agent 
would ordinarily be ineffective. This demonstration estab- 
lishes the applicability of the reactivation phenomenon to 
drug induced retrograde amnesia, an experimental system 
considerably different from the ECS and Hypothermia 
paradigms most frequently investigated. The following ex- 
periments are directed toward determining some properties 
of ANI-induced amnesias produced with the aid of a reac- 
tivation treatment. 





DRINK 


LATENCY TO 


MEAN 


TRAINING GROUP 


FIG. 2. Test latencies of reactivation treatment groups. Group 1 =60 
sec exposure to the training apparatus. Group 2=60 sec exposure to 
a similar environment. Group 3=60 sec exposure to a large, highly 
dissimilar environment. Group 4=injection in test area only (*=ANI 
significantly slower than SAL). 


EXPERIMENT 3 


The intention of this experiment was to determine the 
temporal characteristics of amnesia induced by ANI ad- 
ministered following a reactivation treatment. 


METHOD 


Sixty-one mice were adapted and trained as previously 
described. Three hours after training mice (N=9-14/group) 
were exposed to the training apparatus for 60 seconds, and 
injected with ANI either 0, 0.5, 1.0 or 2.0 hours following 
reactivation treatment. Animals in the delayed injection 
groups were returned to the vivarium for the duration of the 
interval. A control group of mice (N=19) were injected with 
SAL immediately following reactivation treatment. 


RESULTS 


Data from this experiment are displayed in Fig. 3. A 
one-way ANOVA carried out on the ANI data confirms that 
there is a significant difference in test latency among the 
ANI-treated groups, F(3,38)=2.91, p<0.05. Subsequent 
comparisons with the SAL control group revealed that reli- 
able amnesia occurred only when ANI was injected im- 
mediately following reactivation, 1(31)=3.73, p<0.001. 
Neither the 0.5 hour (t=1.04) the 1 hour (¢=1.58) nor the 2 
hour delay group (t=0.64) showed test latencies that were 
significantly different from SAL-treated controls. These 
findings indicate that unlike the temporal gradient of amnesia 
produced by injecting ANI at varying times after original 
training, the gradient of effectiveness following a reactiva- 
tion treatment is notably steep; a delay of as little as 30 
minutes is sufficient to eliminate the amnesic effect of ANI. 


EXPERIMENT 4 


The purpose of this experiment was to determine the 


JUDGE AND QUARTERMAIN 





MEAN LATENCY TO DRINK 


| 
15 2.0 


REACTIVATION -TO-DRUG DELAY 





(Hrs) 


FIG. 3. Time course of effectiveness of amnesia induced by ANI 
administered after reactivation treatment. High latencies indicate 
good memory. Significant amnesia occurred only at the 0 hour delay 
(*=latency significantly different from saline) 


durability of the amnesia induced by ANI following a reac- 
tivation treatment and to compare it with amnesia induced 
by ANI administered immediately after original training. 


METHOD 


ANI (210 mg/kg) or SAL was injected immediately after 
either the original training session or the reactivation treat- 
ment used in Experiment 3. Independent groups of mice 
from each of these 4 conditions were then tested after 1, 2, 3, 
4. 5, or 6 days (N=317 mice), the 23 hour water deprivation 
schedule being maintained during all retention intervals. 
These group assignments resulted in a 6x22 factorial design 
in which retention interval, drug treatment and training con- 
dition were the between group factors. 


RESULTS 

Results of this experiment are displayed in Fig. 4. Mice 
treated with SAL after original training show the expected 
durable avoidance behavior while those treated with ANI 
post-training have amnesia, F(1,153)=88.2, p<0.001. The 
durability of the ANI-induced amnesia is indicated by the 
absence of a drug by retention interval interaction (F=1.7). 
Mice given SAL following a reactivation treatment have re- 
tention scores not significantly different from animals treated 
with SAL following original training (F=0.8). The result of 
major interest is that amnesia induced by ANI after reac- 
tivation treatment is significantly different from that which 
occurs when ANI is given following original training, 
F(1,144)=24.9, p<0.001. The basis of this difference is that 
the amnesic effect of ANI following the reactivation treat- 
ment declines with increasing retention interval. This is indi- 
cated by a significant interaction between retention interval 
and training treatment, F(5,144)=3.1, p<0.01. These results 
show that while amnesia induced by ANI given immediately 
following original training is durable for up to 6 days, am- 
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FIG. 4. Spontaneous recovery of memory for reactivation induced 
amnesia. Mean latency+SEM. 


nesia induced by ANI after reactivation treatment has dissi- 
pated by day 4. 


GENERAL DISCUSSION 


The first experiments presented here establish a system in 
which memory for an aversive event which has become re- 
sistant to amnesia induction can be reactivated to a state of 
susceptiblity by giving mice a simple behavioral treatment 
before injecting the amnesic agent Anisomycin (ANI). 
Anisomysin is a protein synthesis inhibitor which has been 
shown to reliably induce amnesias comparable to those 
produced by inhibitors such as cycloheximide [14], although 
the demonstration that these agent radically alter the func- 
tioning of neurotransmitter systems such as the catechola- 
mines [3] indicates that their effects are unlikely to be simply 
due to inhibition of protein synthesis. Experiment | estab- 
lishes the gradient of amnesia production for the specific 
conditions used here. Amnesia for lick suppression training 
can be produced by injecting ANI up to 2 hours after train- 
ing, but bringing mice into the testing area and injecting ANI 
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after 3 hours does not result in amnesia. In Experiment 2, it 
is shown that three hours after training, placing mice in the 
testing chamber can reactivate the memory of aversive train- 
ing to a state in which an ANI injection causes amnesia. In 
addition this experiment shows that placing the animals in a 
moderately different environment can also reactivate mem- 
ory to a state of susceptiblity to ANI, while placing mice in a 
large enclosed area or in the training room cannot. This 
suggests that the stimuli associated with a reactivation 
treatment must approximate some significant features of the 
training experience to be effective. 

It has been shown that epinephrine injection alone can be 
sufficient to reinstate the susceptibility of memory to disrup- 
tion, which suggests that the neuroendocrine system inter- 
acts with the gradient of retrograde amnesia and may be part 
of its substrate [5]. This assumption is reasonable if we as- 
sume neuroendocrine status is a relevant and perceptible 
situational cue. However, the stress response is a highly 
generalized one and is not necessarily sufficient to reactivate 
memory for any stressful training situation. Gerson [4] 
demonstrated that a simple reminder footshock with its con- 
sequent neuroendocrine stress response was not sufficient to 
reactivate memory for an active avoidance procedure even 
though it was sufficient for a simpler passive avoidance pro- 
cedure. 

These findings are inconsistent with a theoretical ap- 
proach to memory formation which adheres to the idea that 
novel information is slowly incorporated into a permanent 
storage form in the brain. An alternative approach considers 
that the storage of novel information is concurrent with the 
activation of neural circuits by situation-specific exterocep- 
tive and interoceptive cues. This view, most extensively 
formulated by Lewis [8,9], postulates that both during initial 
information input, as well as during later events in which that 
information is utilized, memory exists as a unique configura- 
tion of activity of elements of the CNS related to the initial 
experience designated as ‘‘active memory.”’ At all other 
times, the information exists in ‘‘inactive memory,”’ consist- 
ing of a set of neural elements whose potential for activation 
has been altered by a learning experience. By this view, 
then, storage of memory consists of the neural consequences 
of the initiation of a novel ‘‘active memory.’’ This concept 
was proposed by Konorski [7] who speculated that con- 
vergence of inputs from lower order neurons activated a 
series of higher order feature extracting neurons. The gra- 
dient of susceptibility to amnesia-inducing treatments may 
reflect the gradual decline of activity of neurons stimulated 
by cue-induced receptor input, and reactivation of memory 
to a state of susceptibility could then be accomplished by 
stimuli which approximate some minimal set of charac- 
teristics of the learning experience. Experiment 2 indicates 
that re-exposing mice to the training environment or a similar 
chamber can reactivate the memory to a state of susceptibil- 
ity to ANI whereas merely bringing the animals into the 
testing area or placing them in a large open area does not 
provide sufficiently specific stimulus information to reac- 
tivate memory. 

In a reactivation treatment, failure to duplicate the full 
spectrum of training cues should result in reduced numbers 
of active higher-order neurons and consequently less infor- 
mation available to distinguish ‘‘active’’ from ‘‘inactive 
memory.’ This should result in a relatively rapid decay of 
the vulnerable status of a reactivated memory. Gordon [6] 
has shown that the strychnine induced facilitation of a reac- 
tivated memory has a much steeper slope than the function 
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obtained after training, and Experiment 3 shows comparable 
effects for an amnesic treatment. 

If amnesias are produced by inducing retrieval defects for 
specific ‘‘active memories,’’ then amnesia production after a 
reactivation treatment should be less effective than after 
original training since a reactivation treatment contains 
fewer cues than original training and therefore does not 
duplicate the full spectrum of neural activity associated with 
training. The prediction of these assumptions is supported by 
the results of Experiment 4 where the amnesia induced by 
ANI after a reactivation treatment lacking the primary rein- 
forcement of original training is considerably less persistant 
than that seen when original training is followed by ANI. A 
related finding demonstrated spontaneous recovery of mem- 
ory in reactivation amnesia but not original training amnesia 
during a retest procedure [10]. These findings, in combina- 
tion with those of other experiments on memory reactivation 
[2, 9, 15, 16] support the hypothesis that amnesia studies are 
observations of induced retrieval deficits caused by disrupt- 
ing the ability of the nervous system to bring a specific target 
memory into the active phase. 
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The establishment of the reactivation process as a broadly 
based phenomenon, however, is most significant because of 
its implications about memory processing. Studies of the re- 
activation phenomenon generally demonstrate that during 
the interval between original learning and the expression of 
memory in a retention test, memory can be brought into an 
active state when stimuli related to the learning situation are 
introduced, and, while in that state, the memory is subject to 
modification. The implication of this body of research is that 
the reactivation process is part of a physiologically signifi- 
cant mechanism for altering the accessiblity of a memory 
based on the frequency and quality of encounters with its 
elements. 
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WALDBILLIG, R. J. AND T. J. BARTNESS. The suppression of sucrose intake by cholecystokinin is scaled according to 
the magnitude of the orosensory control over feeding. PHYSIOL. BEHAV. 28(4) 591-595, 1982.—The intestinal hormone 
cholecystokinin (CCK) has been shown to play a role in the termination of food intake, however its behavioral mechanism 
of action remains to be determined. Recent work from this laboratory suggested that the suppression of intake with CCK is 
dependent upon the specific orosensory characteristics of the substance being consumed and that the hormone may 
suppress intake by altering the behavior maintaining characteristics of orosensory stimuli. The present study further 
investigated this suggestion by determining whether changes in the orosensory characteristics of food alter the magnitude 
of the suppressive effect of CCK. Specifically, the magnitude of the CCK effect on the intake of sucrose solutions of 
various concentrations was determined in non-deprived rats. The results of this work indicate that the suppressive effect of 
synthetic CCK (CCK-8) cannot be overridden by increases in sucrose concentration. In contrast, it was found that over a 
range of sucrose concentrations, the magnitude of the CCK effect increased with solution concentration. Because sucrose 
concentration predicts both caloric density and the magnitude of orosensory control (as measured by grams consumed), it 


appears that CCK may act on this control to regulate meal size in proportion to the caloric density of the food 
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Caloric regulation 


THE finding that injections of crude and partially purified 
intestinal extract suppress food intake suggests that enteric 
hormones play a role in the control of ingestive behavior [14, 
16, 22, 29, 34, 37]. The intestinal hormone most thoroughly 
examined in this regard is cholecystokinin (CCK), and it is 
now well known that injections of this hormone, or its syn- 
thetic octapeptide (CCK-8) suppress food intake in a wide 
range of species [1, 8, 9, 14, 16, 21, 40]. The reduction of 
intake by CCK is unlikely to be secondary to sedative effects 
because CCK administration decreases the intake of liquid 
food without affecting the intake of water [16, 33, 41]. It also 
appears that the effect of CCK is not due to malaise because, 
with the exception of a single report [10], pure CCK is inef- 
fective in producing conditioned taste aversions [16, 20, 25]. 
Further evidence for the physiological nature of this effect is 
the finding that CCK elicits the behavioral sequence ob- 
served during natural ‘‘satiety”’ [2]. 

Although there is widespread acceptance of the view that 
CCK suppresses food intake, there is little agreement on the 
specific mechanisms involved. In considering alternative 
mechanisms of action, one of the more obvious possibilities 
is that CCK produces it effects by increasing the inhibitory 
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effects of food in the alimentary canal. However, it is not 
likely that signals arising from gastric distention or the intes- 
tine are involved because CCK suppresses intake in sham- 
feeding animals [15,25]. The possibility still exists that 
signals arising from other aspects of the viscera may be in- 
volved in CCK-induced satiety because vagotomy has been 
shown to block this inhibitory effect [27,39]. Another mech- 
anism by which CCK could suppress intake is by increasing 
glucose utilization. Evidence supporting this possibility is 
the finding that CCK administration stimulates the release of 
insulin [11, 13, 28, 30, 36]. 

Work from this laboratory has lead to the proposal that 
CCK reduces intake by modulating the behavior maintaining 
orosensory characteristics of food [41]. This orosensory hy- 
pothesis is not inconsistent with the mechanisms discussed 
above because CCK-induced changes in the periphery could 
modulate the pattern of neural activity evoked by orosensory 
stimuli. Another possibility is that CCK directly modulates 
this pattern of activity by entering the brain [8,9]. In consid- 
ering the action of CCK on orosensory stimuli, it should be 
noted that there has been no work on whether this effect is 
secondary to changes in the threshold or scaling function of a 
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sensory system or to changes in ‘gustatory reinforcement.” 
Regardless of how CCK suppresses food intake it is interest- 
ing to consider the possibility that elevated CCK levels may 
account for the increase in taste thresholds following meals 
[18, 19, 23]. Endogenous CCK release may also account for 
the more recent findings that food ingestion alters both the 
‘*hedonic’’ quality of taste (alliesthesia) and the criteria for 
reporting the presence of taste stimuli [5, 6, 7, 26, 31, 32]. 

The purpose of the present study was to further investi- 
gate the interaction between CCK and orosensory stimuli by 
studying the relation between the concentration of a sucrose 
feeding solution and the magnitude of the CCK effect. On an 
a priori basis one might predict that the inhibitory effects of 
CCK would be antagonized by progressive increases in the 
concentration of the sweet sucrose solutions. However, the 
view that CCK reduces the behavior maintaining charac- 
teristics of orosensory stimuli generates the reverse predic- 
tion. This follows because increases in sucrose concentra- 
tion increase the proportion of intake (expressed as grams of 
sucrose) produced by orosensory stimuli [42,43]. If CCK is 
viewed as affecting the control exerted by orosensory stim- 
uli, it can be seen that the magnitude of the CCK effect is 
dependent upon the proportion of the intake under the con- 
trol of these stimuli. It is interesting to point out that because 
concentration is equivalent to caloric density, CCK could 
provide a form of negative feedback that is proportional to 
the sucrose caloric density. Therefore, CCK could contrib- 
ute to caloric regulation by inhibiting the intake of 
calorically-dense solutions to a greater extent than dilute so- 
lutions. 


METHOD 


Animals 


Ten Long-Evans rats weighing 353+ 15.2 g at the start of 
the experiment were indivdually housed and maintained in a 
temperature controlled animal colony with a 12-12 hr photo- 
cycle. Animals had ad lib access to Purina lab chow and tap 
water. 


Procedure 

Prior to testing the effect of CCK-8 on sucrose consump- 
tion, baseline sucrose drinking tests were conducted until 
stable levels of intake developed (mean number of drinking 
tests to criteria+SEM=23.4+3.2). Testing was conducted 
by giving animals 30 min access to three drinking tubes. One 
of the drinking tubes contained a 0.2%, 10.0% or 35.0% su- 
crose solution, the second drinking tube contained water and 
the third tube was empty. Inclusion of an empty drinking 
tube assures shifting between tube positions and therefore 
prevents the development of a position bias [4,35]. The posi- 
tion of the tube containing sucrose and the sucrose concen- 
tration were counterbalanced across days. During the 
habituation phase, animals received intraperitoneal injec- 
tions of isotonic saline (0.1 ml/100 g body weight). The su- 
crose concentrations chosen were based on pilot work which 
had indicated that in 15 min drinking tests the volume con- 
sumed of the 0.2% and 35.0% sucrose solutions were not 
different (p >0.05), but that the volume of a 10.0% solution 
was significantly greater than both the 0.2% and 35.0% solu- 
tions (p <0.05). Using these measures, increases in sucrose 
concentration produced both increases and decreases in the 
volume of fluid consumed while the grams of sucrose con- 
sumed increased monotonically. 
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Following the development of stable levels of intake, the 
CCK-8 testing sequence was begun. During this phase the 
animals received intraperitoneal injections of either isotonic 
saline or CCK-8 15 min prior to the presentation of the solu- 
tions. Testing was conducted each day in the midportion of 
the light phase of the light-dark photocycle. Daily testing was 
continued until each animal had been tested with each su- 
crose concentration and each dose of CCK-8 (40, 60 Ivy dog 
U/kg) or saline at least five times. Following presentation of 
the drinking solutions, sucrose intake was measured directly 
from calibrated inverted graduated cylinders fitted with a 
stopper and an angled double ball-bearing drinking tube 
(Wahmann Co.) at 1, 2, 3, 15 and 30 min. Water intake was 
measured at the end of the test session. Food was not avail- 
able during the test. 


RESULTS 


Figure | shows the cumulative sucrose consumption in 
mg for each sucrose concentration across the test session. It 
can be seen that following both CCK-8 and saline injections 
the consumption of sucrose increased with increases in su- 
crose concentration. It can also be seen, that except for the 
lowest sucrose concentration (0.2%), both doses of CCK-8 
suppressed sucrose intake. A Three-way ANOVA for re- 
peated measures (Treatment X Concentration x Time) was 
performed on the cumulative grams of sucrose consumed. 
This analysis revealed a significant second order interaction 
(Treatment Concentration Time); F(16,128)=2.91, 
p<0.01. This, in turn, was followed by a simple main ef- 
fects test at each measurement time [24]. These analyses re- 
vealed that for each time period there was a significant 
Two-way interaction between Treatment and Concentration 
(F(2,6)>5.8, p<0.01). This analysis was followed by a simple 
main effects test that revealed a statistically significant 
Treatment effect for the 10.0% and 35.0%, but not the 0.2% 
sucrose concentration (F(2,16)>6.04, p<0.01; F(2,16)<1.15, 
p<0.05, respectively). Post hoc tests performed on the data 
from solutions with a significant effect of Treatment revealed 
that both doses of CCK-8 (40, 60 IVY dog units) suppressed 
intake (p<0.01), but that the magnitude of the suppression 
was not different between doses (Duncan’s New Multiple 
Range, p>0.05). 

To compare the magnitude of the CCK-8 induced sup- 
pression across sucrose solutions, a percent suppression 
score (Saline-CCK/Saline <x 100) was computed and an- 
alyzed with a Two-way ANOVA (Concentration x Time). 
Because the previous analysis revealed that the suppression 
of intake for the two CCK-8 doses were not different, the 
mean suppression of the two doses was used in the suppres- 
sion formula. The results of this analysis revealed that the 
suppression scores varied significantly across sucrose con- 
centration (F(2,16)=3.78; p<0.05). A post hoc test revealed 
that the suppression score increased significantly between 
the 0.2% solution (—7.0%) and the 10.0% solution (Duncan’s 
New Multiple Range, p<0.05). The suppression ratios for 
the two highest sucrose concentrations were 20.4%, and 
15.06% and were not significantly different from each other 
(p >0.05). 

Table 1 shows the cumulative intake (volume) of the three 
sucrose solutions across the test session following control 
injections. It can be seen that the total intake of the 10.0% 
solution was greater than either the 0.2% or 35.0% solutions. 
To determine whether the differences in the CCK effect dis- 
cussed above was related to differences in the rate of inges- 
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10.0 and 35.0% sucrose 


solutions as affected by injections of CCK-8 (40, 60 Ivy Dog U/kg, or vehicle) 


TABLE | 


MEAN (+SEM) CUMULATIVE FLUID INTAKE 
SALINE INJECTION 


(ml) FOLLOWING 





Sucrose Concentration (Weight/Volume) 


Time 
(min) 


ws 
=< 


0.2% 


10.0% 





1.4 + 0.22 
2.8 + 0.29 
4.3 + 0.45 
11.5 + 0.47 
12.5 + 0.42 


0.8 + 0.19 
1.3 + 0.24 
1.8 + 0.39 
3.1 + 0.48 
3.6 + 0.49 
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tive behavior or the volume of the sucrose solution con- 
sumed, the noncumulative fluid consumption during control 
tests was analyzed with a Two-way ANOVA (Concentration 
x Time). This analysis revealed that the rate of fluid inges- 
tion varied with both the concentration of sucrose and the 
time from the beginning of the test (Two-way interaction; 
F(6,65)=39.54; p<0.001). Simple main effects tests at each 
measurement interval revealed that, although during the first 
three minutes of drinking there was a clear tendency for the 
low sucrose concentration to produce lower levels of intake, 
the differences between the three solutions failed to achieve 
Statistical significance (largest F(2,16)=3.34, p>0.05). How- 
ever, during the 3-15 min interval, where most of the 
fluid consumption occurred, the rate of fluid intake was 


markedly different between solutions (smallest F(2,16) 

11.10, p<0.001). A post hoc analysis on the fluid 
intake during the 3-15 min interval revealed that as in the 
pilot data, the non-cummulative intake of the lowest and 
highest sucrose concentrations (0.2% and 35.0%, respec- 
tively) were not different from each other while the intake of 
the intermediate concentration (10.0%) was significantly 
greater than the other two solutions (Duncan’s New Multiple 
Range, p’s <0.01). 

The effect of CCK-8 on water intake was determined with 
a Two-way ANOVA (Treatment Concentration). In gen- 
eral, little water was consumed (mean+SEM=1.23+.41 ml) 
and was not affected by either CCK-8 or sucrose concentra- 
tion (Treatment: F(2,16)=0.03, p >0.05; Concentration: F(2,16) 

3.33; p>0.05). To determine the discriminability of 
the sucrose solution from water, the volume of water and 
sucrose solution (0.2%) consumed was evaluated with a cor- 
related t-test. This analysis revealed that the intake of water 
was significantly less than the intake of the sucrose solution 
(1(9)=8.60, p>0.01). 


DISCUSSION 


The results of the present investigation demonstrate that 
the magnitude of the suppressive effect of CCK-8 increases 
as the concentration of the sucrose feeding solution in- 
creases. Since the intake of water and 0.2% sucrose solution 
were not affected by CCK-8, it appears that as the solution 


consumed becomes more ‘‘food-like’’ and therefore less 
‘*water-like’’ the effect of CCK-8 increases. The finding that 
the effect of CCK-8 is related to the food-like qualities of the 
ingested material further substantiates the physiological na- 
ture of the CCK effect. Because it appears that there may be 





a natural association between the intensity of sweet tastes 
and their caloric density, it is possible that the CCK inhibi- 
tion of food intake is scaled in proportion to the caloric den- 
sity of the food consumed. Thus, it may be that the intake of 
calorically dense solutions is truncated by CCK while the 
intake of less dense solutions is less affected. In this way 
caloric intake may be ‘‘regulated’’ at the level of meal size. 

In this experiment, and in previous work, CCK-8 sup- 
pressed the intake of sucrose feeding solutions maintained 
predominantly by orosensory stimuli since the animals were 
non-deprived [41]. The finding that the magnitude of the 
CCK-8 effect is related to the concentration of the sucrose 
solution further suggests that CCK-8 suppresses food intake 
by affecting the control exerted by the orosensory stimuli of 
the food. Other data supporting this view are that the sup- 
pression of food intake by CCK-8 is found: early, within the 
first minute of ingestion as reported previously [41], in rats 
with open gastric fistulas [15,25] and is dependent on the 
presence or absence of sucrose in the drinking solution [41]. 
These data modify and extend the view that pregastric stim- 
uli amplify the satiety produced by intestinal stimulation [3] 
by suggesting that intestinally released CCK reduces the 
control of pregastric orosensory stimuli maintaining food in- 
take. 

It does not seem likely that the larger suppressive effect 
of CCK-8 on food intake with the more concentrated feeding 
solution is due to different post ingestive osmotic effects 
because the magnitude of the suppression was the same for 
the 10.0% and 35.0% solutions although the osmolality of the 
35.0% solution was three times as great as that of the 10.0% 
solution. It also appears that the varying magnitude of the 
CCK-8 suppression is not due to differences in the volume 
accumulating in the alimentary canal because, at least for the 
first minute, the volume consumed of the 0.2% and 35.0% 
sucrose solutions were not significantly different and yet 
CCK-8 suppressed the intake of the latter but not the former. 
Furthermore, because the intake of the 0.2% sucrose soln- 
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tion was greater than water it does not seem likely that the 
failure to observe an effect of CCK-8 was due to its indis- 
criminability from water. Finally, the concentration-depend- 
ent effect of CCK-8 cannot be attributed to differences in the 
rate of ingestion because the rate of fluid intake for the solu- 
tions during the first three minutes of the feeding test was 
equivalent, yet CCK produced suppressions of different 
magnitudes. 

Although the magnitude of the suppressive effect of 
CCK-8 on the intake of the 10.0% and 35.0% sucrose solu- 
tions was not different, other work in this laboratory (Bart- 
ness and Waldbillig, in preparation) indicates that the use of 
a 5.0% solution would have produced an effect of CCK-8 
intermediate in magnitude to that of the 0.2% and 10.0% 
sucrose solution. Similarly, the lack of a differential sup- 
pressive effect of 40 and 60 Ivy dog units of CCK-8 does not 
indicate that the effect of CCK-8 is not dose related but 
simply that the doses of CCK-8 chosen in this experiment 
were on the asymptotic portion of the dose-effect curve. On- 
going work in this laboratory indicates that the dose-effect 
curve varies with the nature of the orosensory charac- 
teristics of the food (Bartness and Waldbillig, in prepara- 
tion). 

In conclusion, it appears from the data presented here 
that CCK may suppress food intake by decrementing the 
facilatory effect of orosensory stimuli on feeding. It also ap- 
pears that, within a range of sucrose concentrations, the 
magnitude of CCK effect is scaled in proportion to the influ- 
ence of these stimuli. From this it appears that, if orosensory 
control and sucrose concentration are equivalent to caloric 
density, CCK may participate in caloric regulation on a meal 
to meal basis. 
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JENSEN, T. S. AND D. F. SMITH. Effect of emotions on nociceptive threshold in rats. PHYSIOL. BEHAV. 28(4) 
597-599, 1982.—Tail-flick latency was measured in male rats exposed to inescapable footshock for 2 min (0.8 mA, | sec 
every 5 sec), in rats that witnessed effects of footshock on other rats and in rats exposed to a strong auditory stimulus (8 
kHz, 96 db SPL) either intermittently (1 sec every 5 sec) or continuously for 2 min. A significant increase in tail-flick 
latency occurred in rats exposed to footshock as well as in rats that only witnessed footshock. Continuous auditory 
stimulation also had an analgesic effect, while intermittent stimulation similar to the sound produced by rats given 
footshock failed to affect tail-flick latency significantly. The analgesic effect of witnessing footshock habituated rapidly and 
was counteracted by naloxone (10 mg/kg IP), while naloxone failed to affect audiogenic analgesia. Analgesia produced by 


witnessing a noxious treatment is probably mediated by an emotional reaction. It is suggested that the phenomenon be 


termed *‘emotiogenic analgesia.” 
Tail-flick latency Distress signals 


THE discovery of endogenous opioid peptides with analge- 
sic properties has stimulated interest in central mechanisms 
for modulation of pain. A popular way to study these mech- 
anisms has been to administer a noxious treatment such as 
inescapable footshock to rats and subsequently to measure 
their pain threshold. These studies have shown certain phys- 
ically noxious treatments to elevate pain threshold [1, 5, 6, 
12, 13], an effect known as stress-induced analgesia. The 
neuronal basis of stress-induced analgesia is considered to 
involve supraspinal mechanisms which be centrifugal control 
modulate nociceptive transmission at spinal cord level 
[10,11]. 

Clinical impressions suggest that in addition to direct 
physically noxious treatments, emotional reactions also in- 
fluence pain sensitivity, but empirical evidence for this no- 
tion is lacking. We decided, therefore, to determine whether 
an emotional reaction affects the response to pain. In the 
present study, rats witnessed effects of footshock on other 
rats, a procedure used previously to induce emotional reac- 
tions in rats [7]. This treatment had analgesic effects, so 
additional experiments were carried out to characterize the 
phenomenon further. 


METHOD 


Male Wistar rats weighing 280-320 g were used. They 
were housed singly in clear plastic cages (422626 cm) 
with continuous access to tap water and rat chow pellets in a 


Audiogenic analgesia 


Naloxone Emotiogenic analgesia 


thermostatically controlled room (20°C) on a 12-hr light-dark 
cycle (lights on 6 a.m.—6 p.m.). 

Nociceptive threshold was measured using a tail-flick test 
which measured the latency of a rat to withdraw its tail from 
a radiant heat source focused 4 cm proximal to the tip of the 
tail [3]. In order to avoid tissue damage, the trials were ter- 
minated after 7 sec if a withdrawal response did not occur. 
Three tail-flick latencies were measured at | min intervals 30 
min before placement in the chamber to establish baseline 
levels and again immediately after spending 2 min in the 
chamber to determine effects of treatments. Tests were car- 
ried out between 10 a.m. and 2 p.m. Average values were 
used for statistical tests. ANOVA and Newman-Keul’s tests 
were used to determine statistical significance of results. 

Three experiments were carried out. In the first experi- 
ment, pairs of rats were placed beside each other in individ- 
ual transparent chambers (302815 cm) located 10 cm 
apart and inescapable intermittent footshock (0.8 mA, | sec 
every 5 sec) was administered for 2 min to one member of the 
pair via the grid floor of the chamber while the other rat 
witnessed the treatment. The sounds produced by the rat 
given footshock were measured at a distance of 10 cm with a 
Precision Sound Level Meter (Type 2203) and an Octave 
Filter Set (Type 1613) (Briiel and Kjaer, Copenhagen). Con- 
trol pairs of rats were placed in the chambers for 2 min on the 
same day and in random order, but were given no footshock. 

In the second experiment, rats were exposed to either 
intermittent or continuous auditory stimuli produced by an 
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TABLE 1 


TAIL-FLICK LATENCIES OF RATS GIVEN FOOTSHOCK, 
WITNESSING FOOTSHOCK OR EXPOSED TO 
MECHANICAL AUDITORY STIMULATION 





Tail-flick latency (seconds) 


Treatment Baseline Test 





Control 3.44 + 0.18 3.01 + 0.14 
Footshock 3.30 + 0.13 5.35 + O.22° 
Witness footshock 3.14 + 0.30 4.39 + 0.20* 


Naloxone+witness footshock 3.43 + 0.17 3.44 + 0.16 


3.30 + 0.23 3.40+ 0.19 


0.32* 
0.23* 


Hear intermittent sound 

Hear continuous sound 3.46 + 0.28 4.73 + 

Naloxone+hear continuous 3.35 + 0.22 4.44 - 
sound 


Control 3 times 3.39 + 0.25 3.47 + 0.20 
Witness footshock 3 times 3.08 + 0.11 3.64 + 0.19 





Values are means + S.E.M. for 8 rats per group. 

*1-Way ANOVA showed no significant differences between ef- 
fects of treatments on baseline latencies while test latencies differed 
significantly (p><0.001). Asterisk indicates significant difference 
from control group ‘‘Test’’ (p<0.01). 


astable multivibrator and a low-frequency amplifier. The 
opiate antagonist naloxone (10 mg/kg IP) was administered 
to some rats 30 min before tests to determine whether en- 
dogenous opioid peptides played a role in the effects of the 
treatments [1, 2, 4, 5, 6, 12, 13, 16]. 

In the third experiment, rats either witnessed effects of 
footshock administered to another rat each day on three suc- 
cessive days or were in the chambers for 2 min on three 
successive days without exposure to footshock treatment, 
and tail-flick latency was measured on the third day. 


RESULTS AND DISCUSSION 


Rats given footshock jumped, ran about and vocalized 
while the current was on. The sounds arising from a rat given 
footshock had an intensity of 92 db SPL and a frequency of 
4-8 kHz. Rats that witnessed effects of footshock typically 
stood still, crouching most of the time while in the chamber. 
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The effects of the treatments on tail-flick latency appear 
in Table 1. As expected [1, 6, 10, 11, 12, 13], tail-flick latency 
was increased significantly in rats given footshock. What is 
more, rats that witnessed effects of footshock also showed a 
significant elevation in tail-flick latency compared to control 
levels, indicating that distress signals arising from the rat 
given footshock caused analgesia in the other rat. 

The loud cries emitted by rats given footshock led us to 
wonder whether the reduction in pain sensitivity in rats that 
witnessed the treatment was just another case of audiogenic 
analgesia [8, 9, 15]. We carried out the second experiment to 
answer this question and found that intermittent auditory 
stimulation similar to the sound produced by the shocked 
rats (intensity of 96 db SPL and frequency of 8 kHz for | sec 
every 5 sec for 2 min) failed to influence tail-flick latency 
significantly. On the other hand, loud continuous stimulation 
(96 db SPL, 8 kHz) for 2 min produced significant audiogenic 
analgesia. Naloxone counteracted the elevation in tail-flick 
latency otherwise seen in rats that witnessed footshock, but 
failed to alter the effects of continuous auditory stimulation, 
which suggests that the reduction in pain sensitivity in rats 
that witnessed effects of footshock on another rat was due to 
an opioid-dependent mechanism and was different from 
audiogenic analgesia. 

The third experiment was carried out to determine 
whether analgesia produced by distress signals shows 
habituation, an effect common to most treatments that influ- 
ence pain sensitivity [2, 13, 14, 17]. A significant elevation in 
tail-flick latency failed to occur in rats that witnessed foot- 
shock on three successive days, indicating that the analgesic 
effect of distress signals was habituated by repeated expo- 
sure to the treatment. 

The main conclusion to be drawn from these experiments 
is that direct experience with physically noxious stimulation 
may not be necessary for the occurrence of an analgesic 
reaction. Furthermore, the analgesic effect of witnessing the 
noxious treatment differed from audiogenic analgesia and 
showed habituation. The analgesia produced by witnessing 
footshock probably was mediated at least in part by an emo- 
tional reaction to distress signals [7], so we propose that it be 
termed ‘‘emotiogenic analgesia’’ in order to emphasize the 
role of emotions in the phenomenon. The neural and sensory 
mechanisms involved in *‘emotiogenic analgesia’’ remain to 
be determined. 
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LUCAS, P. D., S. M. DONOHOE AND A. J. THODY. The role of estrogen and progesterone in the control of preputial 
gland sex attractant odors in the female rat. PHYSIOL. BEHAV. 28(4) 601-607, 1982.—Sexually experienced male rats 
were used to test the attractiveness of body odors of female rats. The attractiveness of these odors varied with the estrous 
cycle. Odors from female rats in proestrus were the most attractive to male rats and those from female rats during the 
darkness hours of diestrus the least attractive. The preputial glands appeared to be the source of these odors for the male 
rats showed no preference for the odors of proestrous female rats that had been preputialectomized. Administration of 1 ug 
estrdiol benzoate (EB) for 5 days increased the attractiveness of body odors of ovariectomized rats. A higher dose of EB (5 
ug) had the same effect when administered for 1 or 5 days although the increase that occurred after 3 days was not 
significant. A single dose of progesterone (P) (500 wg) on the other hand, decreased the attractiveness of ovariectomized 
female odors although no change was seen after 3 days of treatment. A single injection of P also decreased the attractive- 
ness of odors of ovariectomized females that had received EB for 3 days. However, P failed to decrease the attractiveness 
of odors in ovariectomized females after preputialectomy. We conclude that the preputial glands are an important source of 
sex attractant odors in the female rat and that the changes in the release of these odors that occur throughout the estrous 
cycle and pregnancy are controlled by ovarian steroids. While estrogen acts to stimulate the production and release of these 
odors P appears to inhibit their release. 

Estrogen Progesterone 


Preputial gland Sex Attractant odors 





steroids and the possibility that they originate from the pre- 
putial gland. 


OLFACTORY stimuli have an essential role in mammalian 
reproduction [5, 10, 21, 26, 34]. Odors serve as sex attrac- 
tants and when released by females in behavioral estrus play 
an important part, together with behavioural stimuli, in de- 
termining the sexual attractivity of the female (4). These 
odors arise from the vagina [9, 13, 16, 22] and in some mam- 
mals urinary odors are also involved [20]. In rodents sex 
attractant odors are also produced by a large pair of special- 
ized sebaceous glands, the preputial glands [12, 14, 24, 25, 
29, 32). 

Although endocrine factors are clearly involved in the 
control of sex attractant odors our understanding of this con- 
trol is far from complete. While there is evidence that in most 
female mammals gonadal steroids interact to stimulate the 
production of sex attractant odors in a way analogous to 
their actions on female receptivity [9, 13, 15, 30] this is not 
always the case. For instance, it has been reported that, in 
the primate, progesterone (P) may inhibit the secretion of 


METHOD 
Animals 

Adult Wistar rats were used. Unless otherwise indicated 
all animals were housed on a reversed 12 hr darkness: 12 light 
cycle and had free access to food and water. 

Ovariectomy was carried out where appropriate at 8-10 
weeks of age and the animals were allowed at least two 
weeks for recovery. 

Stages of estrus in intact females were determined by 
daily vaginal smears. Only those animals showing at least 
two normal four day estrous cycles were used. 


Odor Preference Test 


vaginal odors [1]. Preliminary evidence suggests that, under 
certain conditions, P may also suppress the release of sex 
attractant odors in the rat [19]. 

In the present study we have therefore examined in more 
detail the attractiveness of female rat odors in relation to the 
estrous cycle, the way they are controlled by ovarian 





The apparatus has been described in detail [32,33]. 
Briefly, it consisted of the bottom half of a rat cage 
(40x33x20 cm) upon which a test container was placed. 
Two apertures were positioned in each side wall of the test 
container and cylindrical perspex sample holders (23 x5 cm) 
were placed over these apertures. A current of air was drawn 


‘Send reprint requests to Dr. A. J. Thody, Department of Dermatology, University of Newcastle upon Tyne, NE! 4LP, England. 


Copyright © 1982 Brain Research Publications Inc.—0031-9384/82/04060 1-07$03.00/0 





602 


into the sample holder, over the odor source (in this case 
anaesthetised female rats) and into the male rats’ home cage 
by a fan attached to the top of the test container. 

Reactions to the female odors were observed in ten pairs 
of sexually experienced male rats. These males had been 
housed together in pairs for several weeks and before the 
odor test each pair was given at least three 5 min tests on 
separate days in the absence of experimental odors, to allow 
adaptation to the apparatus. Each pair of male rats was nor- 
mally subjected to two 2.5 min tests per day. 

Pairs of female rats (experimental and control) were 
anaesthetised with Avertin (Winthrop) and placed in di- 
agonally opposite sample holders with their anogenital re- 
gion facing the male rats. All ten pairs of male rats were 
subjected in a random sequence to the whole body odors of 
these females and the times spent investigating these odors 
measured. These same ten pairs were used for all experi- 
ments. In each experiment at least five pairs of female rats 
were used and the mean investigating time of each pair of 
male rats recorded. The difference between the mean inves- 
tigating times for experimental and control odors served as a 
measure of preference. The Wilcoxon matched-pairs signed 
rank test was used to analyse the data and 2-tailed 
probability values are given. 


Effect of the Estrous Cycle 

In the estrous cycle experiment the body odors of female 
rats at a particular stage of the cycle were compared with 
those of ovariectomized controls. Odor comparisons were 
made between 10.00 and 14.00 hr. Thus females that were 
housed under reversed lighting were tested at approximately 
mid-way through a dark period (hereafter referred to as 24.00 
hr) and those that were housed under normal lighting mid- 
way through a light period (hereafter referred to as 12.00 hr). 


Effect of Pregnancy 

In this experiment the whole body odors of pregnant 
females, between the second and fifth day of gestation, were 
compared with those of ovariectomized controls. After the 
Sth day of gestation the pregnant females were too large to fit 
into the sample tubes and no measurements were therefore 
made after this time. 


Effect of Ovarian Steroids 


The effects of estradiol benzoate (EB) and progesterone 
(P) were examined in ovariectomized females. All doses 
were dissolved in 0.1 ml isopropyl myristate and adminis- 
tered SC at 9.00 hr unless otherwise stated. Odor compari- 
sons were made between 13.00 hr and 15.00 hr. 


Effect of Preputialectomy 


In order to examine the effect of preputialectomy the 
whole body odors of a female rat at 24.00 hr of proestrus 
were compared with those of a female rat at 24.00 hr on 
diestrus 1. Immediately after testing the preputial glands of 
both animals were removed and 4 or 8 days later when they 
were again in proestrus or diestrus 1 they were retested. 
Animals which did not continue to cycle normally after the 
operation were rejected from the experiment. 

The effect of preputialectomy on the response to P was 
also examined. In this experiment ovariectomized female 
rats received either a single injection of oil or 500 wg P and 
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Diestrus 1 Diestrus 2 Pro-estrus Estrus 


FIG. 1. Attractiveness of female rat body odors to sexually experi- 
enced male rats at different stages of the estrous cycle. The results 
are plotted as the mean percentage difference in time spent by the 
male rats in investigating the odors of female rats at different stages 
of the estrous cycle and the odors of ovariectomized controls. The 
figures in the vertical bars refer to the number of female pairs tested. 
The periods of darkness are indicated by solid bars. ***=p<0.01, 
** =p <0.02, *=p<0.05 when tested by the Wilcoxon matched-pairs 
signed ranks test. 


their whole body odors were then compared 4-6 hr later. 
Both groups of rats were then preputialectomized and 7 days 
later the procedure was repeated. 


RESULTS 
Effect of Estrous Cycle (see Fig. 1) 


The male rats showed no clear preference for the odors of 
female rats in estrus over those of ovariectomized controls. 
The male rats did, however, show a preference for the odors 
of female rats at 12.00 hr of diestrus 1 to those of ovariec- 
tomized controls (p<0.02). The converse was true with 
females at 24.00 hr of diestrus | and at this time the male rats 
actually preferred the odors of the ovariectomized controls 
(p <0.05). The same pattern was observed in diestrus 2. Thus 
the male rats preferred the odors of female rats at 12.00 hr of 
diestrus 2 to those of ovariectomized controls (p<0.01) yet at 
24.00 hr of diestrus 2 the odors of ovariectomized controls 
were preferred (p<0.05). This apparent diurnal rhythm in 
female odor attractiveness was however, not evident during 
proestrus. The odors of female rats at 12.00 hr of proestrus 
were attractive to male rats (p<0.01) and at 24.00 hr of 
proestrus appeared to be even more attractive (p<0.01). 


Effect of Pregnancy (Table 1) 


The odors of pregnant female rats between the second 
and fifth days of gestation were less attractive to male rats 
than those of ovariectomized controls (p<0.05). 


Effect of Ovarian Steroids 


Estradiol benzoate (Table 2). The male rats preferred the 
whole body odors of ovariectomized female rats that had 
received a single injection of 5 wg EB to those of control 
females that had received oil (p> <0.01). A similar increase in 
attractiveness was evident after daily administration of 5 ug 
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TABLE | 


COMPARISON OF TIMES SPENT BY SEXUALLY EXPERIENCED MALE RATS IN INVESTIGATING THE ODORS OF 
OVARIECTOMIZED RATS (CONTROLS) AND RATS THAT HAD BEEN PREGNANT FOR 2-5 DAYS 





Pairs of 
males showing 
preference 


Pairs of 
females 
tested 


Condition 
of female 


Investigating Difference 


times (s) (s) p value 





ovariectomized 10 
controls 


pregnant 


12.2 (7.0 to 22.7) 


5.1 (—10.8 to +2.6) p<0.05 


7.9 (5.4 to 12.2) 





Results are expressed as medians with the range in parentheses of the mean investigating times of all ten pairs of 


males. 


Wilcoxon matched-pairs signed ranks test was used to test for significance of difference 


EB for 5 days (p<0.01). After 3 days of treatment, however, 
although the males tended to prefer the odors of the EB 
treated females to those of the oil treated controls the differ- 
ence was just short of significance. 

A lower dose of EB (1 wg) had no effect on the attractive- 
ness of ovariectomized female rats when given daily for 3 
days, but was effective after 5 days of treatment. 

Progesterone (Table 2). In contrast to the effects found 
with EB the ovariectomized females that received a single 
injection of 500 wg P were less attractive to male rats than 
those of oil treated controls (p<0.01). However, this effect 


was not evident when ovariectomized female rats received P 
for 3 days. 

Combined estradiol benzoate and progesterone (Tables 3 
and 4). When ovariectomized female rats received single in- 


jections of 5 wg EB and 500 yg P their whole body odors 


were less attractive to male rats than those of control females 
that received EB alone (p<0.02). When the two steroids 
were given together for 3 consecutive days, eight of the ten 
pairs of males preferred the odors of the EB treated control 
females to those of EB and P treated females, although the 
difference in investigating time was not significant. 


TABLE 2 


COMPARISON OF TIMES SPENT BY 10 PAIRS OF SEXUALLY EXPERIENCED MALE RATS IN INVESTIGATING THE 
ODORS OF CONTROL OVARIECTOMIZED RATS AND OVARIECTOMIZED RATS THAT HAD RECEIVED EITHER 
ESTRADIOL BENZOATE (EB) OR PROGESTERONE (P) FOR 1, 3 OR 5 DAYS* 





Treatment of female rats 


Pairs of 
males showing 
preference 


Pairs of 
females 
tested 


Period 
(days) 


Hormone 
(ug/rat) 


Investigating Difference 


times (s) (s) p value 





oil 
EB (1 yg) 
oil 
EB (1 ug) 
oil 
EB (5 yg) 
oil 
EB (5 pug) 
oil 
EB (5 yg) 
oil 
P (500 yg) 
oil 
P (500 ug) 


7.4 (3.9 to 10.1) 
6.9 (4.2 to 11.4) 


4.6 (1.7 7.6) 
‘S35: 9.9) 
5.5 (2.7 9.7) 
6.7 (4. 12.5) 


7.5 (3.4 to 10.9) 
8.6 (4.0 to 16.4) 


4.6(2.4to 8.2) 
9.5 (6.3 to 19.1) 
13.2 (7.7 to 15.3) 
9.2 (4.4 to 13.4) 


5.3 (4.3 to 10.4) 
5.6 (3.0 to 11.8) 





*Other details as in Table 1. 
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TABLE 3 


COMPARISON OF TIMES SPENT BY 10 PAIRS OF SEXUALLY EXPERIENCED MALE RATS IN INVESTIGATING THE 
ODORS OF OVARIECTOMIZED RATS THAT HAD RECEIVED ESTRADIOL BENZOATE (EB) AND EB TOGETHER WITH 
PROGESTERONE (P) FOR EITHER | OR 3 DAYS* 





Treatment of female rats 
Pairs of 
males showing 
preference 


Pairs of 
females 
tested 


Period 
(days) 


Hormone 
(ug/rat) 


Investigatin Difference 
g £ 


times (s) (s) p value 





EB (5 yg) 
EB (5 yg) + 
P (500 yg) 
EB (5 ug) 
EB (5 wg) + 
P (500 yg) 


18.0 (6.2 to 24.9) —4.0 


<0.02 
13.4 (5.2 to 19.4) (—11.7 to +1.4) 


16.3 (5.1 to 24.2) —1.0 
13.9 (2.7 to 19.2) (—7.8 to +4.8) 





*Other details as in Table 1. 


TABLE 4 


COMPARISON OF TIMES SPENT BY 10 PAIRS OF SEXUALLY EXPERIENCED MALE RATS IN 
INVESTIGATING THE ODORS OF OVARIECTOMIZED RATS THAT HAD RECEIVED ESTRADIOL 
BENZOATE (EB) FOR 3 DAYS (CONTROLS) AND EB TOGETHER WITH 
A SINGLE INJECTION OF PROGESTERONE (P) ON THE THIRD DAY* 





Pairs of 
males showing 
preference 


Pairs of 
females 
tested 


Treatment of 
female rats 
(ug/rat) 


Investigating 


Difference 


times (s) (s) p value 





EB (1 ug) 


EB (1 wg) + 
P (500 yg) 


EB (2 pg) 


EB (2 wg) + 
P (500 yg) 


EB (5 ug) 


EB (5 yg) + 
P (500 yg) 


13.7 (11.3 to 26.4) 


—3.5 
(—16.3 to +1.4) 
(7.9 to 24.2) 


(7.1 to 12.0) 
—3.0 
(—4.6 to —2.3) 
(4.4to 8.5) 


(7.9 to 19.0) 
—5.8 
(—11.8 to +1.8) 
(7.7 to 





*Other details as in Table 1. 


A single injection of 500 wg P, also decreased the attrac- 
tiveness of odors from ovariectomized rats that had been 
primed with either | wg or 5 wg EB for 3 days (p<0.01 in both 
cases). A similar effect was observed in ovariectomized 
females after priming with 2 wg EB even though the P was 
administered only 1—-1.5 hr prior to the odor test (p<0.01). 


Effect of preputialectomy (Tables 5 and 6) 


All ten pairs of male rats preferred odors of female rats in 
proestrus to those of female rats in diestrus and the differ- 
ence in investigating times was significant (p<0.01). This 
difference was, however, no longer apparent after the 


females had been preputialectomized and five pairs of males 
preferred the odors of proestrous females and the remaining 
five the odors of females in diestrus. 

As before a single injection of 500 wg P decreased the 
attractiveness of odors of ovariectomized females to male 
rats (p<0.01). No such effect was observed after the female 
rats had been preputialectomized. 


DISCUSSION 


The attractiveness of the body odors of female rats to 
sexually experienced males has previously been shown to be 
greater in proestrus and estrus than in diestrus [11]. Al- 
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TABLE 5 
EFFECT OF PREPUTIALECTOMY ON THE ATTRACTIVENESS OF BODY ODORS OF FEMALE RATS* 





Pairs of Pairs of 
females 


tested 


Stage of 
estrous 


cycle preference 


males showing 


Investigating Difference 


times (s) (s) p value 





(a) Before Diestrus 


preputialectomy 
Proestrus 


(b) After Diestrus 


preputialectomy 


Proestrus 


7.3 (6.2 to 15.2 
4.4 
5 to +38.8) 
11.0 (8.9 to 42. 


6.9 (5.6 to 11.7 


7.4 (5.1 to 21.2) 





*Comparison of times spent by sexually experienced male rats in investigating the odors of female rats in diestrus and proestrus 
both (a) before and (b) after removal of the preputial glands. Other details as in Table 1. 


TABLE 6 
EFFECT OF PREPUTIALECTOMY ON THE RESPONSE TO PROGESTERONE 





Treatment 
of female Pairs of 
rats females 
(ug/rat) tested 


Pairs of 


preference 


males showing 


Investigating Difference 


times (s) (s) p value 





(a) Before oil 10 
preputialectomy 


P (500 yg) 


(b) After oil 
preputialectomy 


P (500 yg) 


11.1 (5.2 to 16.0) 
3.1 
5.5 to —1.6) 
8.3 (3.9 to 
12.4 (8.4 to 


0.5 
2.3 to +8.7) 
13.3 (6.6 to 15.4) 





*Comparison of times spent by sexually experienced male rats in investigating the odors of control ovariectomized rats and 
ovariectomized rats that had received a single dose of progesterone (P) both (a) before and (b) after removal of the preputial 
glands. Other details as in Table 1. 


though, in the present study, the odors of female rats in 
estrus appeared to be relatively unattractive to sexually 
experienced males those of females in proestrus were found 
to be highly attractive. It was interesting that during diestrus 
there was an apparent diurnal rhythm in female odor attrac- 
tiveness. The reason for the decrease in female odor attrac- 
tiveness that occurred during the darkness hours is not yet 
clear. Since at these times the male rats actually preferred 
the odors of ovariectomized controls it is possible that 
female rats release aversive odors during the darkness hours 
of diestrus. This diurnal rhythm was, however, not apparent 
in female rats during proestrus and it would appear that the 
peak level in female odor attractiveness occurred at around 
24.00 hr of proestrus. Female rats show a peak of sexual 
receptivity during the dark period between proestrus and 
estrus [27,28], that is just before and after ovulation. The 
present results show that the release of sex attractants 
reaches a peak in the same dark period but whether this 
coincides with peak sexual receptivity or occurs a few hours 


earlier is not yet known. The release of sex attractants by the 
female rat may, therefore, serve to attract males preferen- 
tially to animals which are, or soon to become, both recep- 
tive and fertile. Such a view is supported by the finding that 
whole body odors of pregnant females are particularly unat- 
tractive to males. 

Although urinary and vaginal odors may contribute to the 
attractiveness of female rats in proestrus the present findings 
suggest that in the rat sex attractant odors from the preputial 
glands are more important. Thus removal of the preputial 
glands abolished the increase in olfactory attractiveness that 
occurred in female rats during proestrus. It is therefore rea- 
sonable to suggest that changes in the release of odors from 
the preputial glands may play an important part in determin- 
ing the attractiveness of female rats during the estrous cycle. 

Release of these sex attractant odors would appear to be 
under the control of estrogen. Previous evidence suggests 
that estrogen stimulates the production and release of pre- 
putial gland sex attractants in the female rat [12, 15, 32, 33]. 
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Progesterone, on the other hand, would seem to suppress the 
release of sex attractants from the preputial glands either 
alone or in the presence of estrogen. It has previously been 
reported that P will increase the attractiveness of preputial 
gland tissue of OB treated ovariectomized female rats to 
male rats [15,32]. At that time we considered the possibility 
that P and estrogen may interact to control preputial gland 
odor production just as they are known to control sexual 
receptivity in the female rat [32]. In the light of the present 
findings it seems more likely that this increase in the odor 
content of preputial glands after P represents not an increase 
in the synthesis of sex attractants but rather a suppression of 
their release. The speed of its action also indicates that P acts 
not on the synthesis of odors but on their release. The mech- 
anisms involved are not yet clear nor is it clear why P was 
only effective in inhibiting the release of preputial gland 
odors when given as a single injection. Repeated injections 
of P failed to alter the attractiveness of female rats and have 
also been reported to have no effect on the odor content 
within the preputial gland [32]. 

The inhibitory effect of P on female attractiveness seems 
to be confined to an action on the release of odors from the 
preputial glands. Thus after removal of the preputial glands P 
no longer exerted an inhibitory effect on female attractive- 
ness. This inhibitory action of P on the preputial glands 
therefore contrasts with its stimulatory effect on the release 
of vaginal odors that occurs in some mammals [9,13]. In the 
monkey, however, there is evidence that P may decrease 
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sexual attractivity by blocking the emission of olfactory cues 
from the vagina [1]. 

These different effects of estrogen and P on preputial 
gland odors may explain the changes in the attractiveness of 
female odors during the estrous cycle. Thus plasma estro- 
gen, which increases between late diestrus and mid proestrus 
[8,23] could account for the increase in the attractiveness of 
female odors in proestrus. The subsequent decrease in odor 
attractiveness in estrus may result from a decrease in plasma 
estrogen, but a more important factor may well be the surge 
of plasma P that occurs in late proestrus [7,8]. 

The present results suggest that ovarian steroids control 
the release of preputial gland sex attractants. It would there- 
fore appear that ovarian steroids influence sexual attractivity 
in the female rat by controlling, not only behavioral compo- 
nents, such as proceptivity and receptivity [2, 3, 6, 17, 31] 
but also certain non-behavioral components. However, the 
endocrine control of these components may differ, for while 
P enhances the action of estrogen in stimulating proceptive 
and receptive behavior it has an inhibitory effect on the re- 
lease of preputial glands sex attractants. 
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PORTER, J. H., R. T. BROWN AND P. A. GOLDSMITH. Adjunctive behavior in children on fixed interval food 
reinforcement schedules. PHYSIOL. BEHAV. 28(4)609-612, 1982.— Four female children (4 to 6 years of age) were tested 
on fixed interval (FI) 30-sec and 60-sec food schedule with M&M candy reinforcers. All four subjects displayed increased 
movement on the FI schedules as compared to appropriate FR | baseline conditions. Increased drinking was shown by 
three subjects, and increased vocalizations by two subjects. These results clearly demonstrated schedule-induced behav- 
iors in children with food reinforcement schedules which are typically used in animal experiments 


Schedule-induced behaviors 
Vocalizations 


Adjunctive behaviors 
Movement Drinking 


WHEN a food-deprived rat is placed on an intermittent food 
reinforcement schedule (following a baseline period of 
massed-feeding), increases in non-reinforced behaviors may 
be observed. This class of behaviors has been termed ad- 
junctive by Falk [5] as the behaviors occur as adjuncts to the 
behavior which is under schedule control. Many of the 
determinants of adjunctive behavior have been identified, 
and it has been demonstrated that many different behaviors 
may be schedule-induced. For example, intermittent food 
schedules can lead to polydipsia (e.g., [3,4]), wheel running 
[12,14], air licking [15], pica [19], and aggression (e.g. [1, 8, 
9}). Also it has been demonstrated that the schedule presen- 
tation of reinforcers other than food can induce adjunctive 
behavior [12,18]. According to Wayner [23,24], any type of 
intermittent stimulation should induce adjunctive behavior 
because of an increase in motor excitability. 

Recently, adjunctive behavior investigations have been 
extended to include the study of human subjects. However, 
the procedure for inducing adjunctive behaviors in human 
studies has usually differed from that in animal studies in two 
important respects. First, human subjects are typically not in 
a deprived state and, second, conventional primary reinforc- 
ers (such as food or water) are not usually employed (e.g., 
[10]). The research strategy instead has been to limit the 
opportunity of making a response, typically in a game play- 
ing situation (e.g., [2, 20, 22]). This procedure has been suc- 
cessful in inducing such behaviors as pacing and drinking 
[10], eating (and drinking) and grooming [6], smoking ]20] 
and gross body movements [2, 13, 22]. In studies which have 
employed secondary reinforcers (such as tokens) schedule 
induced aggression [7,11] and body movement [16], have 
been observed. Only one study has used a conventional food 
reinforcement schedule with human subjects. Wallace, Sam- 
son, and Singer [21] tested adult humans (18 to 21 years) and 
found that movements were significantly greater when food 


Children 


Fixed interval food schedules 


was available during ad lib conditions or on a fixed interval 
(FI) 60-sec food delivery schedule than when food was not 
available. However, there was no significant difference be- 
tween the FI condition and the ad lib food condition. There- 
fore, there was no clear demonstration that movements were 
schedule-induced when food was made available on the FI 
schedule. 

Another criticism of human adjunctive behavior studies 
has been advanced by Fallon, Allen, and Butler [6]. Fallon es 
al. note that in animal research, the animal typically has free 
access to a reinforcer which is later placed under schedule 
control. In human studies, however, either the subjects are 
not exposed to a massed-feeding or continuous reinforce- 
ment baseline (e.g., [10, 13, 16, 21]), or the baseline task is 
unrelated to the task employed in the schedule inducing ses- 
sion (e.g., [2, 20, 22]). In the absence of an appropriate 
baseline measure, the responses observed by these re- 
searchers cannot correctly be termed adjunctive behaviors. 

Fallon et al. [6], in an attempt to resolve some of the 
problems of previous human studies, investigated adjunctive 
behavior during game playing using a typical design seen in 
many animal studies. Subjects and confederates played 
three games of backgammon. The first game was played 
conventionally and served as a baseline. In the second 
game, a curtain was placed between the players to block 
visual access to the opponent’s moves, the board being 
passed under the curtain following each move. The confed- 
erate timed each of his moves to take 30 seconds, effec- 
tively introducing FI 30-sec schedule, before returning the 
board to the subject. The third game was again played con- 
ventionally and served as a second baseline. The results 
showed significant increases in movement, eating, drinking, 
and grooming between the first baseline and schedule con- 
trolled games, and significant differences in eating, drink- 
ing, and grooming between the second baseline and 
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schedule controlled games. Fallon et a/. [6] interpreted their 
results as demonstrating that an animal paradigm is effective 
in inducing adjunctive behaviors in humans, and proposed 
extending the animal paradigm further in studying human 
adjunctive behavior. 

The purpose of the present study was to further explore 
adjunctive behaviors in human subjects with a food rein- 
forcement schedule, since food schedules have typically 
been used in animal studies. Children were tested on fixed- 
interval (FI) food reinforcement schedules and on appropri- 
ate FR 1 baselines both before and after the FI schedules. 


METHOD 
Subjects 


Four female children (ages 4, 4'/2, 5 and 6) served as 
subjects. 


Apparatus 


Testing apparatus included a telegraph key and an M&M 
dispenser (Davis Scientific Instruments, Model MMD-1) 
which were mounted on a table in front of the seated subject. 
There was a red light located over the M&M dispenser. Elec- 
tromechanical programming equipment was located in an ad- 
jacent room which had a one-way mirror for observation. 
Plan M&M candy (M&M-Mars) served as reinforcers. Sub- 
jects were offered a choice of one of several different soft 
drinks after initial familiarization (see Table 1) with the food 
reinforcement schedules. The soft drink was provided in a 12 
0z paper cup. This was enough soft drink for the entire Test 
Period (see Table 1). 


Procedure 


The children were seated in front of the telegraph key and 
M&M dispenser and were familiarized with the equipment 
and were told that they could obtain M&Ms by pressing the 
telegraph key whenever the red light over the food magazine 
was on. They were give a brief description of how the tele- 
graph key worked and how pressing it would deliver M&Ms. 
The experimenter explained to them that sometimes M&Ms 
would be delivered every time they pressed the key and 
sometimes they would have to press the key many times 
before they earned an M&M. Then the experimenter left the 
room. For two children, their mother remained in the room 
with the child, seated quietly in a corner. 

After a two-minute free operant period, the red light over 
the food magazine was turned on and the initial familiariza- 
tion with the food reinforcement schedules began. Table 1 
shows the order of presentation of the food reinforcement 
schedules for this Familiarization Period when no soft drink 
was available and for the Test Period when the soft drink was 
available. After the Familiarization Period was over, the sub- 
jects were provided with a soft drink in a paper cup and 
observed for two minutes before the Test Period began. The 
red light over the food magazine was off during this two 
minute period and no M & Ms were available. 

The children were observed by an experimenter from an 
adjacent room through a one-way mirror. Recorded behav- 
iors included barpressing, movements, drinking, and vocali- 
zations. A movement was recorded for any motor activity 
other than barpressing. No attempt was made to differentiate 
between fine and gross movements, although very subtle 
movements (such as eyeblinks) were not counted. A drink 
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TABLE 1 


SCHEDULES OF REINFORCEMENT, THE LENGTH OF TIME EACH 
WAS IN EFFECT, AND THE NUMBER OF M&Ms WHICH WERE 
DELIVERED ARE SHOWN FOR THE FAMILIARIZATION PERIOD 
AND THE TEST PERIOD (WHEN SOFT DRINK WAS AVAILABLE) 





Number of 
Schedule of Reinforcement Time M&Ms Delivered 





Familiarization Period 
10 M&Ms 


4 M&Ms 
4 M&Ms 


2-min 
2-min 
4-min 


Fixed Ratio 1 
Fixed Interval 30-sec 
Fixed Interval 60-sec 


Test Period 


10 M&Ms 
10 M&Ms 
10 M&Ms 
5 M&Ms 
5 M&Ms 
5 M&Ms 


5-min 
5-min 
5-min 
5-min 
5-min 
5-min 


Fixed Ratio 1 (Baseline) 
Fixed Interval 30-sec 
Fixed Ratio 1 (Baseline) 
Fixed Ratio 1 (Baseline) 
Fixed Interval 60-sec 
Fixed Ratio | (Baseline) 





was recorded each time the child placed the cup to the mouth 
and then removed it. A vocalization was recorded any time 
the child made a verbal utterance (e.g., questions, com- 
ments, singing, or any audible sound which could be de- 
tected by the experimenter in the adjacent room). The entire 
session last approximately 50 minutes. 


RESULTS 


Table 2 shows the total number of movements for each 
subject for each reinforcement schedule during the Test 
Period. Except for S-1, all subjects displayed substantial in- 
creases in movements during the FI 30-sec food schedule as 
compared to the initial and subsequent FR | baselines. All 
four subjects showed large increases in movements when 
shifted from FR | to FI 60-sec and substantial declines when 
returned to the FR | baseline condition. 

For drinking the results were less consistent (See Table 
3). Three subjects (S-1, S-2, and S-4) showed an increase in 
drinking when the FI 30-sec food schedule was in effect; 
however, only S-1 and S-4 approximated baselines levels of 
drinking when returned to the FR 1 schedule. Only S-1 and 
S-3 displayed a reliable increase in drinking on the FI 60-sec 
schedule as compared to the two FR 1 baseline conditions. 

Table 4 shows the number of vocalizations made by each 
subject during each reinforcement schedule during the Test 
Period. No systematic changes in vocalizations occurred 
when the FI 30-sec schedule was in effect. However, sub- 
jects S-1 and S-4 displayed an increase in vocalizations when 
switched from FR | to FI 60-sec, and a subsequent reduction 
when the FR 1 schedule was reinstated. 


DISCUSSION 


In the present study four children displayed schedule- 
induced movement, drinking and vocalizations on fixed- 


interval food reinforcement schedules. While previous 
studies have demonstrated adjunctive behaviors in humans 
(e.g., [6,22]), this was the first to do so using a conventional 
primary reinforcer (i.e., food). Schedule-induced movement 





ADJUNCTIVE BEHAVIOR IN CHILDREN 


TABLE 2 


TOTAL NUMBER OF MOVEMENTS FOR FI 30-SEC AND FI 60-SEC 
SCHEDULE CONDITIONS AND THE FR 1 BASELINES 


TABLE 4 


TOTAL NUMBER OF VOCALIZATIONS FOR FI 30-SEC AND FI 60-SEC 


SCHEDULE CONDITIONS AND THE FR | BASELINES 





Movements 


Subjects FR1  FI30-sec FRI FRI FI 60-sec FR 1 


Vocalizations 


FI 30-sec FR1 FRI! FI 60-sec 


Subjects FR 1 





S-1 45 49 3024 51 
S-2 16 47 26 28 64 
S-3 34 75 3726 60 
S-4 45 65 40 79 


Mean 35.0 33.3 63.5 


20 





TABLE 3 


TOTAL NUMBER OF DRINKS FOR FI 30-SEC AND FI 60-SEC 
SCHEDULE CONDITIONS AND THE FR | BASELINES 





Drinks 


Subjects FR1  FI30-sec FRI FRI FI 60-sec FR | 





S-1 10 . 13 
S-2 8 5 3 
S-3 11 . 1] 
S-4 10 


Mean t. 9.3 





was the most consistent adjunctive behavior for the four 
subjects during the FI 30-sec and FI 60-sec reinforcement 
schedules; whereas, drinking and vocalizations were not as 
reliably induced by the food schedules. 

Two defining characteristics of adjunctive behaviors are 
their excessiveness and their occurrence during the post- 
pellet portion of the interreinforcement interval [5]. The ex- 
cessiveness of the behavior during the intermittent rein- 
forcement schedule is usually defined in terms of a massed- 
feeding or a continuous reinforcement baseline. As Fallon er 
al. [6] have pointed out, most humans studies on adjunctive 
behaviors have failed to use appropriate baselines. The pres- 


ent study and the study by Fallon er al. [6] have clearly 
demonstrated that certain behaviors (i.e., movement, drink- 
ing, vocalizaitons, grooming, and eating) can be induced by 
intermittent reinforcement schedules and are excessive in 
nature when appropriate baselines are used for comparison. 
While the temporal distribution of the adjunctive behav- 
iors in the present study was not recorded, Fallon et al. [6] 
failed to find any evidence in their study of the post-pellet 
pattern which is typically reported in animal studies (see 5; 
although wheel running has been reported as an exception, 
[17]). They suggested that it may be necessary to use inter- 
reinforcement intervals greater than one minute with humans 
before the typical post-pellet distribution will emerge. 


In order to fully understand the nature of adjunctive be- 
haviors with humans it will be necessary to examine those 
variables which have been shown to be important in animal 
studies. For example, adjunctive behaviors are known to 
vary as a function of the length of the interreinforcement 
interval and the level of deprivation of the subjects [5]. 


Neither variable has been systematically explored with 
human subjects. Another important difference between 
human and animal studies concerns the manner in which 
test sessions are conducted. In animal studies test sessions 
are conducted daily and the adjunctive behaviors typically 
emerge over a period of several sessions. In human studies, 
however, usually only one extended test session is con- 
ducted. If human studies are conducted in the same manner 
as animal studies, the generality and similarity of adjunctive 
behaviors in humans should be even more evident than that 
reported in the present study. 
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SEMJEN, A. AND M. BONNET. Dual effect of response preparation on conditioned H reflex. PHYSIOL. BEHAV. 28(4) 
613-617, 1982.—The late or intercurrent facilitation of the soleus H reflex recovery cycle was studied during the prepara 
tory period of a visual reaction time task. Response preparation produced three kinds of effect on the conditioned reflex 
elicited 200 msec before the end of the preparatory period: depression of the conditioned reflex which was maximum at the 
150 msec conditioning interval; enhancement of the conditioned reflex which was maximum at the 300 msec conditioning 
interval; and, when the soleus muscle was involved in the execution of the voluntary response, an additional depression of 
the conditioned reflex at each conditioning interval. These different effects of response preparation are discussed with 
reference to the neural mechanisms which are thought to mediate the intercurrent facilitation 


Conditioned H reflex Intercurrent facilitation 


IN humans, when paired electrical stimuli are applied to the 


posterior tibial nerve in the popliteal fossa, the amplitude of 


the second (conditioned) reflex contraction elicited in the 
soleus muscle shows a characteristic increase between about 
100 and 300 msec after the first (conditioning) shock. This 
transient increase of reflex excitability is superimposed on a 
period of lasting depression of the conditioned reflex and is 
known as the “‘late’’ or “‘intercurrent”’ facilitation of the 
soleus H reflex recovery cycle [5]. Although there is still 
some controversy as to the exact mechanisms involved in 
this facilitation [1], it is generally admitted that it results from 
the activation (by the conditioning stimulus) of various sys- 
tems of interneurons which in turn influence the segmental 
reflex mechanisms [1, 4, 10]. Moreover, when the condition- 
ing stimulus is suprathreshold for reflex contraction, the dis- 


charge of the muscle spindles during the relaxation phase of 


the muscle twitch may also contribute to the reflex facilita- 
tion [5,8]. 

Previous studies have shown that the soleus H reflex was 
depressed during preparation for a voluntary motor response 
[6]. The greatest decrease of reflex excitability was observed 
when the soleus muscle itself was involved in the voluntary 


response (e.g., plantar flexion of the foot). The purpose of 


the present study was to test for modifications of the inter- 
current facilitation during response preparation. By using the 
double-shock procedure we attempted to extend the investi- 
gation of motor preparatory processes to the rather widely 
distributed and possibly supraspinal systems which subserve 
intercurrent facilitation. Since these systems not only are 
activated by reflexogenic stimulations, but also exert a pow- 
erful control over spinal motor mechanisms, they appeared 
to be potential targets for those excitatory and/or inhibitory 
influences of central origin which supposedly develop during 
response preparation. 


Response preparation 


METHOD 


Seven healthy adults, 4 females and 3 males volunteered 
in the experiment. All received detailed information about H 
reflex methodology and the general purposes of the experi- 
ment, but not about the specific questions with which this 
study was concerned. Six of the subjects (aged from 20 to 25) 
were students from the Physical Educational Section of the 
University of Aix-Marseilles and were paid for their serv- 
ices. One subject was a member of the laboratory staff. 

The subject sat in a reclined position in an arm chair 
especially designed for reflex testing purposes with the feet 
supported by spring-loaded movable foot plates. The H re- 
flex was elicited in the right soleus muscle according to the 
method described by Paillard [5]. The percutaneous stimula- 
tion of the tibialis posterior nerve was obtained by a 
rectangular electrical pulse of | msec duration which was 
delivered, through an isolation unit, between a cathodal elec- 
trode located in the popliteal fossa, and an anodal electrode 
located just above the knee joint. The intensity of this stimu- 
lation was set to obtain H reflexes of 50% of the maximum H 
reflex amplitude. In double-stimulation trials the intensity of 
the conditioning stimulation was equal to, or slightly lower 
than, that of the test stimulation. 

EMG activity was recorded by bipolar surface electrodes 
placed in the midline of the soleus muscle, 3—4 cm apart. 
After amplification, the reflex action potentials were digi- 
talized by a PDP 12 computer for detection, measurement (in 
arbitrary units) and storage of the peak value of the negative 
wave. The soleus EMG was continuously monitored, after 
high-gain amplification, on the oscilloscope screen in order 
to check background activity. The background activity in the 
antagonistic tibialis anterior muscle was similarly monitored 
in some cases. 
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FIG. 1. Types of trials within a single cycle of 128. A trial is initiated by a 50 msec duration tone. A and 
B: Single-stimulation (A) and Double-stimulation (B) trials without voluntary response. C and D: 
Single-stimulation (C) and Double-stimulation (D) trials with a voluntary response. In these trials 
subject is informed that a voluntary response is required by a light stimulus (warning) being presented. 
The voluntary response is executed upon the extinction of the light (response signal). See further 


explanations in the text. 


H reflexes, both unconditioned and conditioned, were 
elicited when the subject was either preparing for voluntary 
responding in a simple visual reaction time (RT) task, or had 
no voluntary response to make. There were thus four types 
of trials (Fig. 1A and D) organized in cycles of 128 and pre- 
sented in a pseudo-random order with inter-trial intervals of 
10 sec. 

Each of the four types of trial was initiated by a 50 msec 
tone (headphones). 

(A) In a single-stimulation trial without voluntary re- 
sponse a reflex-eliciting stimulation was delivered 1.8 sec 
after the tone. 

(B) In a double-stimulation trial without voluntary re- 
sponse the test stimulation was delivered 1.8 sec after the 
tone. It was preceded by a conditioning stimulation with a 
variabie interval of 100, 150, 200, 250, 300 or 350 msec. 

(C) In a single-stimulation trial with voluntary response a 
light stimulus (warning signal) was turned on simultaneously 
with the tone. It stayed on for 2 sec, i.e. the preparatory 
period. This indicated to the subject that a voluntary re- 
sponse was required during this trial. The extinction of the 
light served as response signal for the voluntary response 
and initiated the reaction time period which terminated at the 
moment the response movement started. Subjects were 
encouraged to respond as quickly as possible but to avoid 
premature responding. A reflex-eliciting stimulation was de- 
livered 1.8 sec after the tone, i.e., 200 msec before the pre- 
paratory period for voluntary responding ended. There 
was three conditions of voluntary responding: responding 
with a foot, either right or left, by depressing and im- 
mediately releasing the corresponding foot-plate, and re- 
sponding with the right hand, by depressing and immediately 


releasing a small button. The right soleus muscle was ‘‘in- 
volved”’ in the execution of the voluntary response only in 
the first case. Otherwise, it was ‘“‘uninvolved.”’ 

(D) In a double-stimulation trial with voluntary response 
the warning light appeared as in C. The reflex-eliciting stimu- 
lations were delivered as in B. The conditioned reflex was 
thus always elicited 200 msec before the preparatory period 
ended. 

A single cycle of 128 trials comprised 16 trials of type A, 
16 trials of type C, 48 trials of type B and 48 trials of type D. 
There were 8 measurements for each conditioning interval 
for both types of trial B and D. Length of the conditioning 
interval and presence or absence of a voluntary response 
were within-cycle variables, whereas conditions of voluntary 
responding (right foot, left foot or hand) were between-cycle 
variables. Each subject was tested under each voluntary re- 
sponse condition. Some of them performed up to 6 cycles of 
128 trials under the same condition. 

For any given cycle of trials, the mean reflex amplitude 
found in single-stimulation trials without voluntary response 
was taken as a reference level (100%); the mean reflex ampli- 
tudes found in the three other types of trials were expressed 
as a percentage of this value. Individual mean scores were 
calculated by averaging over cycles and group-means were 
subjected to statistical tests. 


RESULTS 


Response preparation had no significant effect on the 
amplitude of the single H reflex whether the soleus muscle 
was involved or not in the voluntary response. 

Variations of the conditioned H reflex are shown in Fig. 
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FIG. 2. Variations in the amplitude of the conditioned H reflex. A: Sample recordings of the right 
soleus muscle EMG activity (a) and of the angular position of the foot plate (b) under the control 
condition (1) and during preparation (2) for a plantar flexion of the right foot (right soleus muscle 
‘‘involved’’). Calibration: 2 mV. Recording on the left: at the conditioning interval of 150 msec the 
reflex is depressed during response preparation. On the right: at the conditioning interval of 300 msec 
the reflex is enhanced (Enhancement of this magnitude was only displayed by some subjects, see text) 
B to D: Abscissa: length of the conditioning interval; ordinate: amplitude of the conditioned H reflex 
expressed as a percentage of the mean H reflex amplitude found in single stimulation trials without 
voluntary reseponse. Black circles: no-response (control) condition; open circles: soleus muscle *‘in- 
volved” in the voluntary response; open squares: soleus muscle ‘‘uninvolved’’ in the voluntary re- 
sponse. B: Group means including results from all subjects (N=7). C: Group means including results 
from subjects (N=4) whose “‘involved”’ curve crossed the “‘control’’ curve after the shortest condi- 
tioning intervals. Note the slight divergence between ‘‘involved”’ and ‘‘uninvolved”’ curves in these 
subjects. D: Group means including results from subjects (N=3) whose ‘‘involved”’ curve ran con- 
stantly below the “‘control’’ curve. Note the marked separation between the “‘involved’’ and “‘unin- 
volved’* curves in these subjects. 


2. Data obtained under the uninvolved conditions (i.e., left- ing (Fig. 2A). However, the late enhancement of reflexes 
foot and right-hand responding) were pooled for this figure. was lacking in some other subjects. There was consequently 
Under the no-response (control) condition, the recovery no significant difference between control and involved group 
curve of the H reflex showed the ordinary time-course of means at these intervals. 
intercurrent facilitation, with a rapid increase of the reflex A direct comparison bearing on conditioned reflexes ob- 
amplitude between 100 and 150 msec, and a more progres- tained under involved and uninvolved conditions showed 
sive decline of the reflex amplitude from 300 msec after the that the reflex amplitude was lower in the former than in the 
conditioning stimulation. latter case, regardless of the duration of conditioning interval 
During response preparation the amplitude of the H reflex (Fig. 2B). This effect was tested over all subjects and inter- 
tended to be depressed at the shortest conditioning intervals. vals and was found to be significant, #(41)=3.37, p<0.01. 
Student’s t-tests for paired samples showed that this de- Examination of the data from individual subjects revealed 
crease was significant at the 150 msec interval under both the that under the ‘‘involved’’ condition three subjects displayed 
involved, 1(6)=3.36, p<0.02, and uninvolved, 1(13)=2.27, reflex magnitudes that were consistently lower than those 
p<0.05, conditions. On the other hand, the reflex tended to exhibited under ‘‘control’’ condition, whereas the ‘‘in- 
be enhanced at the long intervals. This effect appeared in volved’’ curves for the other four subjects were elevated 
almost all subjects under the uninvolved condition, yielding above their ‘‘control’’ curves following the shortest condi- 
a significant increase in group means at the 300 msec inter- tioning intervals. It is noteworthy that in the latter group 
val, #(13)=2.63, p<0.05. Under the involved condition, this which showed late reflex enhancement in the “‘involved”’ 
effect was present in some subjects and could appear with a condition, the ‘‘involved’’ and “‘uninvolved’’ curves were 
considerable magnitude, as illustrated in the sample record- very similar (Fig. 2C). On the other hand, in the group which 





showed late reflex depression under the “‘involved’’ condi- 
tion, reflex magnitudes recorded under the ‘“‘uninvolved” 
condition were consistently greater than those recorded 
under the ‘‘involved’’ condition and did show a tendency to 
exceed ‘‘control’’ magnitudes at the end of the intercurrent 
facilitation period (Fig. 2D). One can speculate that in these 
subjects the marked downward shift of the whole recovery 
curve when the soleus muscle was involved might mask the 
reflex enhancing effect of preparation at the long condition- 
ing intervals. 


DISCUSSION 


Response preparation exerted three kinds of effects on 
the conditioned H reflex: a depressing effect at the short 
intervals, a slight enhancing effect at the long intervals, and 
an additional depressing effect when the muscle was in- 
volved in the voluntary response. These results are at vari- 
ance with a recent report showing unchanged conditioned H 
reflex during preparation [9]. However, in the study quoted 
only the 100 msec conditioning interval was used. In our 
study there was no significant group-mean variation due to 
response preparation at this particular interval despite some 
individual subjects having significantly decreased con- 


ditioned H reflex under these conditions. 

It is unlikely that overt postural adjustments played a role 
in the effects we reported. The soleus muscle did not show 
any background activity after the warning light went on, nor 
after the conditioning shock was delivered. Episodic bursts 
of EMG activity were observed in the tibialis anterior muscle 
of some subjects after the conditioning reflex response. 


However, no causal relationship could be established be- 
tween such an activity in the tibialis anterior muscle and the 
modifications of the conditioned reflex amplitude, since 
these effects were also seen in subjects whose tibialis 
anterior muscle was quiescent during the whole period of 
response preparation. 

Since in the present experiment the single H reflex re- 
mained unchanged during preparation, the modifications ob- 
served in the conditioned reflex amplitude probably reflect 
changes in the mechanisms underlying intercurrent facilita- 
tion rather than changes restricted to the myotatic reflex arc. 
The dual effect produced by response preparation on the 
early and late part of intercurrent facilitation can best be 
understood by assuming that this period of the H reflex re- 
covery cycle is subserved by at least two distinct mech- 
anisms and that response preparation acts differentially upon 
them. 

Intercurrent facilitation has been shown to reach peak 
values between 150 and 200 msec after a conditioning shock 
subthreshold for reflex contraction, and also after a condi- 
tioning stimulation of the contralateral tibial nerve with in- 
tensities either below or above the threshold for reflex con- 
traction [8,10]. Moreover, the recovery cycle of the 
monosynaptic stretch reflex conditioned by a cutaneous 
stimulus to the foot showed, in humans, an intercurrent 
facilitation which peaked 150 to 200 msec after the cutaneous 
stimulus [2]. These findings suggest that the early part of 
intercurrent facilitation of the H reflex is produced by central 
influences contingent on stimulus-evoked inputs rather than 
by peripheral feedback processes from the conditioning re- 
flex contraction. A number of possible mechanisms have 
been suggested to account for these central influences, in- 
cluding either transcortical or transcerebellar long-loops for 
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low-threshold muscular afferents [4,10] and propriospinal or 
brain-stem structures receiving inputs from cutaneous affer- 
ents [2]. Although the present data do not permit a clear 
conclusion regarding which of these mechanisms is respon- 
sible, they do strongly suggest that the interneuronal and 
relay structures involved in the stimulus-evoked, early part 
of intercurrent facilitation are under central inhibitory or 
dis-facilitatory control during response preparation. This 
would account for why the reflex magnitudes recorded dur- 
ing this period were significantly depressed. 

Twitch-evoked inputs, more precisely those arising from 
the discharge of the muscle spindles which are activated dur- 
ing the relaxation phase of the conditioning twitch, are likely 
to contribute only to the later part of intercurrent facilitation 
since muscle relaxation begins about 180 msec after the 
conditioning stimulus [5]. The simplest mechanism by which 
this facilitation can operate is that of the myotatic reflex arc. 
The Ia excitation from the muscle spindles in the soleus 
muscle might contribute to intercurrent facilitation also by a 
polysynaptic spinal pathway. This kind of connection be- 
tween la excitation and alpha motoneurons has been re- 
ported by a number of authors [3]. In the present experi- 
ment, no increased excitability of the myotatic reflex arc 
could be detected when the effect of response preparation 
was tested by single H reflex. Moreover, in a previous study 
[7] little support was found for increased tendinous (T) reflex 
reactivity during preparation for a RT task, especially in the 
involved leg. Indeed, both T and H reflexes were found to be 
depressed at the end of the preparatory period. Since this 
evidence shows unchanged or decreasing gain in the myota- 
tic reflex arc during the waiting period for a response signal, 
the enhancing effect we found to be exerted by response 
preparation in the later part of intercurrent factilitation is 
hard to explain in terms of a potentiated myotatic reflex arc 
contribution. Nevertheless, the alternative polysynaptic 
pathway from muscle afferents to alpha motoneurons could 
be still facilitated during preparation, which would account 
for enhanced conditioned reflexes during this period. 
Further research is necessary in order to confirm the possi- 
ble role of the twitch-activated, peripheral mechanism of in- 
tercurrent facilitation in mediating the reflex enhancing ef- 
fect of preparation found in this study. 

The last point concerns the decrease in the conditioned 
reflex found under the involved condition as compared to the 
uninvolved one. Previous experiments using single H reflex 
testing during preparation showed a similar involved- 
uninvolved difference in reflex excitability due to depressed 
H reflex in the involved leg. It was suggested that presynap- 
tic inhibition acting on Ia afferent terminals might be the 
mechanisms underlying such specific control of reflex ex- 
citability in the involved leg [6,7]. In the present study the 
conditioned reflex elicited during preparation was of consis- 
tently lower magnitude in the involved than in the unin- 
volved soleus muscle, regardless of length of conditioning 
interval. This finding is compatible with the notion that a 
peripheral filtering mechanism (such as presynaptic inhibi- 
tion) might be involved in response preparatory processes. 

A striking finding of the present study was the absence of 
clear-cut depression of the single H reflex during prepara- 
tion. The use of a preparatory period twice as long as that 
used in earlier studies [6,7] may explain this discrepancy 
since subjective uncertainty as to the moment at which the 
response signal will occur is known to exert a deleterious 
effect on response preparation. In double-shock trials the 
conditioning stimulation may have functioned, then, as a 
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supplementary warning signal which reinforced the proc- 
esses underlying H reflex depression in the muscle being 
prepared for the voluntary action. 

Considerable differences among subjects have been found 
as to the amount by which conditioned reflexes differed in 
the involved and uninvolved muscle. In the presentation of 
results it was suggested that the deep depression of the con- 


ditioned H reflex shown by some subjects in the involved 
condition may have cancelled out the reflex enhancing effect 
of response preparation otherwise found at the long condi 
tioning intervals. Why the generalized reflex depression in 
the involved leg should be more marked in some subjects 
than others remains a matter for future research 
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WETZEL, W. AND H. MATTHIES. Differences in Y-maze retention of rats: Selection according to open field activity 

PHYSIOL. BEHAV. 28(4) 619-622, 1982.—Adult male Wistar rats of a heterogeneous outbred population were selected 
according to their open field ambulation and classified into two groups: animals showing the most activity during the first 2 
min (A, fast habituation), or after the first 2 min (B, delayed habituation) of a 10 min observation period. One week later 
these rats were tested for foot-shock motivated brightness discrimination learning and retention in a Y-maze. It was found 
that group A rats exhibited higher %-savings than group B rats, whereas their learning performance was not different. Thus, 
our results show that rats differing in their Y-maze retention ability can be selected on the basis of certain open field 


measures. 


Y-maze 
Inter-individual differences 


Brightness discrimination 
Selection Rats 


THE study of differences among individual subjects and 
strains is a very useful concept in learning and memory in- 
vestigations [4]. Our standard training model for biochemi- 
cal, electrophysiological and pharmacological investigations 
on memory consolidation [23] is a foot-shock motivated 
brightness discrimination using a nonselected outbred Wistar 
rat strain. The high variability in retention values of the in- 
dividual animals, having no correlation to the learning per- 
formance, involves the following problems: (a) substance ef- 
fects on memory retention can depend on stable individual 
retention abilities, and above a certain limit of variability it 
becomes more and more difficult to get reliable results; (b) 
biochemical experiments on memory consolidation depend 
on good controls, e.g., pseudo-training. If it is possible to 
have prior knowledge about animals with the same learning 
performance but with different memory capacity, these 
animals would be very suitable for biochemical and phar- 
macological experiments. Thus, the question was if a behav- 
ioral test berore the learning experiment can give us enough 
information for preselection of rats between good and poor 
memory retention abilities. 

Lat [21] studied stable inter-individual differences in be- 
havioral habituation curves of rats placed in a novel en- 
vironment and similar differences in other physiological 
measures like hippocampal theta activity [16] and evoked 
potential recovery functions [13] were found. On the other 
hand, we know from the literature that rats and mice selected 
for different learning ability exhibited different open field 
behavior, motor activity and arousal level [5, 14, 24, 33]. 
Furthermore, there are some results pertaining to a predic- 


Memory retention 


Open field Habituation 


tion of drug effects or learning rate from open field behav- 
ior or hippocampal EEG characteristics [3, 22, 25, 30]. But 
to our knowledge, there are no data showing that a be- 
havioral measure taken before training can predict subse- 
quent memory retention. In preliminary experiments, we 
found that different individual memory retention abilities 
may be correlated with certain parameters of open field be- 
havior. In the present study, we tested the relationship be- 
tween Y-maze retention and open field activity of rats. 


METHOD 


We used male Wistar rats of our own outbred population 
weighing 180-260 g. They were grouped ten to a cage and 
kept on a 12:12 hr light/dark schedule with food and water ad 
lib. 

The open field behavior was observed in a quadratic 
arena measuring 100x100 cm with 30 cm high walls and 
white painted inside. The floor was divided into 36 equal 
squares. Illumination was provided by a 100 W bulb placed 
150 cm above the field. The rat was placed in the center of 
the field, and its behavior was observed for 10 min. Latency 
to leave the start point, number of squares crossed per min- 
ute, number of rearings per minute, and number of boli were 
registered. For each open field experiment, a group of 20 or 
30 rats was used. Six experiments were performed under the 
same conditions. 

Half of the animals observed in the open field test were 
selected according to the open field ambulation score 
(number of squares crossed per minute) and distributed into 
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FIG. 1. Examples of different open field ambulation and the corre- 
sponding Y-maze savings from individual rats belonging to group A 
(on the left) or group B (on the right). 


two different groups in the following way (Fig. 1): (A) rats 
showing the highest activity during the first and second 
minute and reaching zero level of activity before the fifth 
minute (fast habituation); (B) rats not reaching zero level of 
activity within the first 5 min, or if they did so, the major part 
of their activity was not in the first two minutes (delayed or 
no habituation). Animals having intermediate characteristics 
were eliminated. 

One week after the open field test, the rats of groups A 
and B were tested for brightness discrimination learning and 
retention. The training apparatus was a Y-maze with three 
15x30 cm alleys with an electrifiable grid-floor and 10 cm 
high walls and 15 W light bulbs at the end of the alleys. The 
rats were trained to learn a foot-shock motivated brightness 
discrimination reaction [23,27]. Before the training trials, the 
animal was allowed to explore the apparatus for 10 min. 
Then, electric shock (1 mA; 50 Hz) was applied and after 
leaving the dark start alley, runs into the other dark alley 
were punished by the foot-shock, whereas the safe goal area 
was in the illuminated alley. The light was switched off after 
20 sec and this alley was the start area for the next trial 
started after a variable intertrial interval of 30-90 sec (mean, 
60 sec). Latencies (1) to leave the start alley, and (2) to reach 
the goal alley were registered. The training session was 
completed after 30 trials. Twenty-four hours after initial 
learning, retention of the brightness discrimination was 
tested using a 30-trial relearning session. 
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For evaluation of results, running into the dark alley of 
the Y-maze was counted as an error (E). Number of errors 
during the training session and number of errors during the 
test session were used to calculate the % savings: 


E training E vest 


E Training 


- 100% 





% savings = 


Seventeen rats either showing a strong (100%) side prefer- 
ence, or no adequate reaction to the foot-shock (during 10 or 
more of the 30 training trials latencies to leave the start al- 
ley>10 sec, or latencies to reach the goal alley>20 sec, re- 
spectively), or extreme number of errors in the training ses- 
sion (<5 or >15), were eliminated. Chi-square test was used 
for statistical evaluation of results. 


RESULTS 

In the open field test, as expected, we found very large 
differences between individual rats. Examples of 3 rats of 
group A and 3 rats of group B, selected according to the open 
field ambulation, are given in Fig. 1. 

In the brightness discrimination experiment, we found 
that rats of group A exhibited higher retention values than 
rats of group B (see examples in Fig. 1), whereas the number 
of errors during the training session was the same for both 
groups. This result was reproduced in a number of experi- 
ments. Figure 2 shows the mean values of open field ambu- 
lation and Y-maze learning and retention, respectively, for 
all the rats classified either in group A or group B. 

Thus, our results show a relationship between temporal 
characteristics of open field ambulation and Y-maze reten- 
tion. This is clearly demonstrated by the total mean values. 
However, single rats of both groups did not fit in this corre- 
lation. In group A, 86% of rats had 50-100% savings, in group 
B, 75% of rats had 0-50% savings. Looking at the mean 
values of the experimental series, a clear difference of % 
savings of A and B animals is evident in 5 out of 6 experi- 
ments (Table 1). 

Between the open field rearing behavior and Y-maze 
retention, we found a similar relationship as shown for the 
ambulation score. The other open field measures—latency to 
leave the start point, and the number of boli—were not corre- 
lated with discrimination behavior. In some experiments, we 
repeated the 10 min open field test with the same animals on 
2nd or 3rd days. We mostly found similar ambulation score 
differences between groups A and B as on day |, but neither 
the repetition trials nor the between-trial differences were 
better correlated to Y-maze retention as the day-1 values. 


DISCUSSION 

Although our investigation is not a complete correlation 
analysis of behavioral measures, the results demonstrated 
that it might be possible to find open field measures which 
are suitable for preselection of animals showing similar learn- 
ing performance but differing in their Y-maze retention. It is 
quite possible that the lack of differences in learning between 
our two groups of rats might be due to the elimination of 
animals according to some training parameters (side prefer- 
ences, abnormal reaction to the foot-shock, extreme number 
of training errors). Such a possibility, at least for avoidance 
learning, has been demonstrated by Satinder and Petryshyn 
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TABLE | 


Y-MAZE RETENTION OF RATS CLASSIFIED ACCORDING TO THEIR 
OPEN FIELD AMBULATION CHARACTERISTIC AS RESULTED 
FROM SIX EXPERIMENTAL SERIES 





Group A Group B 


Experiment 
number 


% savings* % savings 





62 
56 
67 
71 
62 
56 





*“% savings mean values of groups A and B. 


[34]. They found that differences in learning were drastically 
reduced by eliminating the variability in motivation (reaction 
to foot-shock). However, it was not the aim of the present 
study to select animals with different learning abilities, be- 
cause this has already been shown by several authors (cf., [3, 
4, 5, 14, 24, 33]). The purpose of our investigation was to find 
behavioral data prior to the learning experiment, which are 
correlated to subsequent memory retention. 

The open field test is a widely used test for emotionality 
and exploration (for reviews, see [2, 31, 36]), but until now 
there is no unequivocal and exact interpretation of the moti- 
vational basis of open field behavior and the relationship 
between exploration and fear. The ambulation score seems 
to reflect a highly complex behavior determined by curiosi- 
ty/exploration as well as fear/emotionality elicited by a novel 
environment. Most workers have measured the total sum of 
ambulation over short periods of 2-3 min or repeated trials 
over days [2] and therefore, a considerable amount of infor- 
mation available from intra-trial temporal analysis [21] was 
discarded. However, animals may differ in the temporal se- 
quence of their responses to novel environment. Thus, using 
different strains of rats and other species a “‘linear trend”’ or 


a “quadratic trend’’ of decreased ambulation was described 
[36]. In our experiments we found a correlation between 
temporal sequences of open field ambulation (habituation 
curves) and Y-maze retention values, whereas the sum of 
ambulation during the first minutes was not related to 
Y-maze behavior. 

The question remains whether the open field differences 
between our selected groups A and B reflect differences in 
fear/emotionality, differences in curiosity or “exploratory 
drive,’ or differences in motor activity or arousal levels 
Concerning emotionality, group A and B rats had no differ- 
ences in the defecation score. However, there is some dis- 
agreement as to whether defecation is a meaningful index of 
emotionality [31]. If we assume that a high ambulation indi- 
cates a low emotionality, then A rats may be more emotional 
than B rats. But also, the possibility of exploration differ- 
ences must be considered, since rats of A and B groups 
exhibited similar differences in rearing behavior as found for 
ambulation, and rearing, rather than ambulation, may be re- 
garded as exploratory behavior. It is not probable that the 
differences between our rat groups are due to different levels 
of motor activity. In general, activity level is unrelated to the 
response to novel stimuli [31] and when we tested the dis- 
crimination behavior of rats with different levels of activity, 
we found at most a relationship to learning performance but 
not to retention values. 

On the other hand, the behaviorally selected rats may be 
different in biochemical parameters. Thus, many experi- 
ments have shown neurochemical correlates of individual 
differences in learning capacity (for review, see [37]). The 
most studied system was the cholinergic transmitter system 
and it was found that a higher capacity for learning and 
memory seems to be linked with a higher cholinergic activity 
in animals [18,37] and men [7, 9, 28, 29]. Using our selected 
A and B rats for biochemical investigations, Kammerer et al. 
[19] have shown that *H-choline uptake and acetylcholine 
synthesis in hippocampal slices were higher in rats of group 
A suggesting a higher cholinergic activity in the hippocam- 
pus of these rats. This suggestion would be supported by 
pharmacological results: the scopolamine influenced 
habituation curve in a novel environment situation found by 
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several authors [1, 15, 34, 38] resembles that of our (un- 
treated) group B animals. We found quite a similar effect by 
intrahippocampal injection of the anticholinergic agent 
quinuclidy! benzilate. This may be in accordance with the 
interpretation of a cholinergic mechanism in the hippocam- 
pus which controls responses to novelty [35]. The special 
role of the hippocampus in this respect also comes from 
lesion studies (for reviews see [17,26]). However, although 
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results are not unambiguous, the involvement of other brain 
regions and transmitter systems must be considered [6, 8, 10, 


, 12, 20, 32). 
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WHITE, P., R. FISCHER AND G. MEUNIER. The lack of recognition of lactating females by infant Octodon degus 
PHYSIOL. BEHAV. 28(4) 623-625, 1982.—A series of tests were conducted to determine whether infant degus (Octodon 
degus) will (a) show sensitivity to maternal olfactory cues and/or (b) discriminate between a novel adult lactating female 
and their mother. The pups showed no preferences when exposed to an array of different olfactory stimuli but did spend 
significantly more time in proximity with the novel lactating female than with their mothers. It is hypothesized that the 
communal rearing systems which are apparently characteristic of degus in the wild, coupled with the novelty of the 


lactating female, may account for these results. 


Lactating females Communal rearing systems 


OCTODON degus is a diurnal hystricomorph rodent com- 
mon to central Chile. The young are precocial at birth, typi- 
cally possessing a full coat of hair, have eyes and ears open, 
can move unassisted, and begin eating solid food by at least 
the second day of life [6]. It has been suggested that in the 
wild degus inhabit a complex system of burrows with a social 
organization based on group territories and the rearing of 
young by several females in a common nest [5]. 

Because many studies have noted the sensitivity of young 
rodents to olfactory cues (e.g., [2,3]) and some have ex- 
pressly linked recognition to maternal pheromones [13], it 
was decided to investigate the possibility that infant degus 
respond to maternal olfactory cues. The suspicion that this 
means of communication may be operative was strengthened 
by the observation that odors apparently play an important 
part in some social behaviors of degus [6, 7, 14]. 


EXPERIMENT I 


In the first experiment, infant degus were granted access 
to the bedding of lactating females, paired with either un- 
soiled bedding, bedding from a nonlactating female, from the 
maternal nest, or from a male. Research with the spiny 
mouse [13] indicates that this may be a sensitive preparation 
for the investigation of olfactory cues. 

METHOD 
Subjects 

Nine male and eleven female degus from four litters 
served as subjects. Five pups were chosen from each litter. 
Two litters were born and maintained in plastic laboratory 
cages (3553 cm) with their mother. The remaining two lit- 


ters were each born and maintained with the mother in larger 
enclosures (4545 cm) also housing one adult female and 


Maternal olfactory cues 


Octodon degus pups 


two adult males. Bedding consisted of ground cellulose and 
hardwood chips. All animals received ad lib Purina rodent 
chow supplemented with fresh vegetables. This uniformity 
of diet was necessitated to prevent the type of,food from 
biasing the choice behavior of the pups [9]. The housing and 
testing rooms were maintained at 24°C (78°F) with a 12-hour 
light, 12-hour dark cycle. The average age of the pups was 10 
days at the beginning of testing, and 20 days at the end of 
testing. 


Apparatus 


The basic testing enclosure consisted of a clean Plexiglas 
runway (30 cm X 10 cm). At each end of the runway there 
was affixed a small (10 cm x 5 cm xX 3 cm) metal container 
with a wire mesh top containing hardwood bedding material. 
A white noise generator provided masking of ambient 
sounds. Illumination of the runway was the same level as 
that present in the housing cages. 


Procedure 


Ten minutes prior to testing, the pups were removed from 
the mother, individually placed in holding cages and trans- 
ferred to the testing room. Observations began when a single 
pup was placed in the center of the runway. Care was taken 
to insure that the pup was facing the wall of the runway 
rather than either end which contained the stimuli. The pup 
was allowed to freely locomote in the runway for 10 min, 
after which it was again placed in the holding cage for 5 min 
before being returned to the mother. At least 24 hrs were 
allowed to elapse before a pup was again tested. Following 
each test, the apparatus was thoroughly washed, dried and 
allowed to return to room temperature. 

Litter tests involved placing metal containers of bedding 
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TABLE | 


MEAN NUMBER OF APPROACHES AND MEAN NUMBER OF SECONDS IN PROXIMITY FOR BOTH SEXES 





Litter Tests 





Male 
Approaches 
Z = 
Time in Proximity 
Z 


Female 
Approaches 
vy 


Z: 
Time in proximity 
Z= 
N= 


142. 


15.5 
0.064 ns 
50 141.50 
0.042 ns 


5.86 
0.136 ns 

96.29 137.71 
1.918 ns 


6.57 


7.86 
0.025 


5.83 
0.108 ns 
228.57 140.33 121.17 
0.431 0.838 ns 
15 14 


6.33 


7.43 
0.136 ns 
180.29 177.29 
0.111 ns 


7.14 


6.40 
0.040 ns 
127.80 147.70 
0.855 ns 
14 


6.60 





Recognition Tests 


M 





Male 
Approaches 
Z= 
Time in Proximity 
Z - 
Female 
Approaches 
7= 
Time in Proximity 
Z 
N= 


7.00 


114.50 


502 


c 


113.25 
4.710 p< 


0.064 


0.098 


13 


7.17 


202.67 
p<0.0001 


5 6.25 


6.7: 


238.25 


0.0001 





Over the four litter test conditions and the recognition tests. 
Appropriate Z score values are given directly below the means. 


material at opposite ends of the runway. The paired stimuli 
consisted of: soiled bedding from the maternal nest (MN) 
versus that taken from a novel, lactating female (LF); bed- 
ding taken from the cage of a novel, nonlactating female (F) 
versus that taken from a novel, lactating female (LF); bed- 
ding taken from the cage of a novel male (M) versus that 
taken from a novel, lactating female (LF); and unsoiled bed- 
ding (B) versus that taken from a novel, lactating female 
(LF). Novel, lactating females all had pups of approximately 
the same age as the subjects. All bedding samples had been 
used by the donor animals for 5 days. Fecal material was 
removed from the bedding prior to its being used in the 
study. The placement of the stimuli at the ends of the runway 
was randomized across tests. A counterbalancing procedure 
was used to assign subjects to treatment sequences. Obser- 
vations consisted of frequency counts of directed ap- 
proaches by the pups to within 10 cm of a stimulus container 
and time in proximity to within 10 cm of a container. 


RESULTS 


Three pups froze and did not locomote in the runway or 
immediately moved to one end and huddled near whichever 
stimulus was there. These subjects were removed and tested 


again 24 hrs later and the data from this initial encounter 
were not considered in the analysis. 

A summary of the data is presented as the first portion of 
Table 1. Both mean number of approaches and mean time in 
proximity are shown for each sex and each stimulus, as well 
as the Z score of the comparison of each stimulus with the 
LF bedding. As indicated there, the subjects did not show a 
distinct preference for any of the stimulus materials. No sig- 
nificant differences were found in the series of tests [4] for 
both approaches and time in proximity for each pair of stim- 
uli. In order to ascertain whether repeated testing produced 
any signs of habituation, the scores for subjects on their first 
and last exposure to stimuli were compared. There was no 
indication of habituation to the stimuli (N=14, p = 0.87, p - 
0.01). 


EXPERIMENT II 


The purpose of the second set of observations was to 
examine whether infants would show discriminative behav- 
ior when exposed to the stimuli of adult, lactating females. 
The design of this experiment was similar to the first with the 
exception that subjects were allowed access to either their 
mother or a novel, lactating female. 





INFANT RECOGNITION OF LACTATING MOTHERS 


METHOD 


The general procedures followed in the litter tests were 
also utilized in this experiment. Pups were given free access 
to the runway during which time approaches and time in 
proximity were counted and the entire apparatus was 

/ashed and dried to room temperature before each test. Sub- 
jects were the same as in the first study and tests involved 
the placement of the pups’ mother and a novel, lactating 
female in wire mesh cages at opposite ends of the runway. A 
total of 10 infants were utilized and each was tested once. 

RESULTS 

Both male and female pups spent significantly more time 
in proximity with the novel, lactating females, although the 
number of approaches did not differ. These statistics are 
presented in the second portion of Table 1. An additional 
observation of note is that many high frequency vocaliza- 
tions were produced by the infants and the adult animals 
throughout testing. While it was not possible to produce in- 
dividual recordings of the vocalizations, generalized meas- 
urements with a QMC Mini-Bat Detector (QMC Instru- 
ments, Ltd.) indicated that most were above 40 kHz with 
some exceeding 120 kHz. 


DISCUSSION 


The apparent lack of preference for olfactory stimuli from 
a lactating female shown by infant degus in the first study is 
surprising. Previous investigations have found a preference 
for these stimuli in altricial rat pups [11] and mice [1], as well 
as decidedly precocial spiny mice [12]. Although it is possi- 


ble that there is a temporal aspect of this sensitivity, and the 
observations were made at an insensitive period, this seems 
unlikely. The age of the pups studied in this experiment was 
well within the sensitive age range of the spiny mouse [13]. 

The maternal pheromone in rats has been demonstrated 
to be related to microbes located in the distal section of the 
cecum. These organisms synthesize [9] cecotrophe which 
may attract pups to their mothers. Czecotrophe is apparently 
produced by all adult female rats. Typically, this viscous 
substance, which is high in volatile components, is ingested 
by the females. Lactating animals produce this material in 
excess, such that not all of it is ingested. Thus the remain- 


der is available as an olfactory substrate for the pups. At 
present, cecotrophe has been reported only for the rat [8, 9, 
10, 11]. No comparable excretory product has been observed 
by us in the degu. It was possible, however, that such a 
substance might be produced in rather small quantities by 
degus. If present it would accompany defecation and should 
have been absorbed by the bedding material present in the 
home cages. Since, for rats, the feces per se do not attract 
pups [8], the feces were removed from the bedding samples 
presented to the degu pups. Yet, the subjects of this study 
evidenced no preferences when provided only with olfactory 
cues. Thus, the degu seems not to expel a substance com- 
parable to cecotrophe, nor do the feces themselves seem to 
impart a volatile component into the bedding material capa- 
ble of attracting pups. 

Although reports have noted the lack of preferences be- 
tween a maternal parent and a novel female of the same 
lactational age by pups [1,10], the pattern of data from Ex- 
periment II has rarely been observed in other species. These 
results may be better understood given the observation that 
degus, in the wild, are reared in communal nests and share 
their burrow systems with a separate genus Abrocoma ben- 
netti [5]. Because the mothers apparently do not discriminate 
on the basis of species when nursing (for both the degu and 
Abrocoma), the young may not be under selection pressures 
to discriminate between mothers. Consequently, the pups 
may have been attracted to the novelty of the lactating 
female. 

Finally, the pups and adults in the second experiment 
appeared to be emitting a large number of high frequency 
vocalizations. The pups clearly were not isolated from these 
affects and may have been influenced by a conglomeration of 
olfactory, auditory, and possibly other cues as well. The 
pups also emitted ultrasounds during the first experiment. It 
is possible that the degu pup relies more on acoustic signals 
when attempting to locate an adult. Given that in the wild the 
individual composition of the mixed species burrows [5] may 
be stable, a response to a female based on novelty would be 
rare. If degu females are truly indiscriminate as to which 
pups are nursed, and if degus do rely more on acoustic 
signals in order to unite pups and lactating females in the 
burrows, our findings for captive animals are not surprising. 
It is possible that these animals employ mechanisms which 
are divergent from those used by myomorph rodents. 
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MILEY, W. M., J. BLUSTEIN AND K. KENNEDY. Prenatal stimulation and postnatal testosterone affects infanticide 
in female rats. PHYSIOL. BEHAV. 28(4)627-629, 1982.—Prenatal handling, prenatal stress, and early postnatal exogene- 
ous testosterone were examined in female rats for their effects on rat pup-killing and pup retrieval. During each of the last 5 
days of pregnancy, Long-Evans rats received either 3 minutes of handling, 45 minutes of restraint and intense illumination 
or remained untouched. Half of the offspring of each group received testosterone from Day | after birth to Day 30. In 
adulthood, animals that received handling prenatally and testosterone postnatally killed pups more rapidly than any other 
group and a larger proportion did so than in the control groups. Animals not manipulated at any time retrieved pups more 
rapidly and a larger proportion did so than the combined other groups. The study suggests that prenatal handling interacts 
with testosterone presented immediately postnatally to increase infanticide in female rats. A variety of perinatal manipula- 


tions seem to suppress pup retrieval. 


Prenatal stimulation Postnatal testosterone 


MANY adult social and nonsocial behaviors are affected by 
events during the perinatal period of development, such as 
sexual responses [9], rat-pup killing [11], open-field behavior 
[1], and saccharine preference [17]. In the area of sexual 
behavior, both male and female adult sexual behavior poten- 
tials are affected by presence or absence of androgen during 
sensitive periods perinatally [4]. Genetic females exposed 
to perinatal androgen are defeminized and masculinized in 
reproductive physiology, morphology, and behavior [8,14]. 
Genetic males that have had perinatal androgens removed by 
castration and feminized and demasculinized [4,15]. During 
male differentiation in mammals, neural mechanisms de- 
velop only in the presence of fetal and neonatal testicular 
hormones against a female trend during the last 7 days of 
gestation and the first 10 days after birth [5,7]. When male 
rats are exposed to stress prenatally, they show feminized 
and demasculinized copulatory patterns in adulthood [16]. 
Ward [16] suggested that this change may occur as a result of 
the adrenal androgen, androstenedione (AD) which may 
compete successfully with testosterone (T) for brain receptor 
sites. 

To determine if AD did oppose T in feminizing and de- 
masculinizing male rats, Gilroy and Ward [3] exposed male 
rats to supraphysiological levels of AD prenatally and found, 
contrary to their earlier suggestion, that they developed 
normal patterns of sexual behavior in adulthood. Following 
this latter finding, Popolow and Ward [10] have demon- 
strated that prenatal AD defeminizes and masculinizes 
female rats, although the effects are not as potent as T ef- 
fects. Thus the suggestion that AD and T compete and 
produce behavioral effects in opposite directions has not 


Infanticide 


Female rats 


been verified. As yet, the hormonal relationships pertaining 
to prenatal stress and behavior have not been clearly worked 
out. 

Rat-pup killing by adult rats may also be subject to 
perinatal hormonal manipulations. Investigators [11] have 
found that adult male Purdue-Wister rats will usually kill and 
eat rat pups, but that females rarely do. Castration of the 
male blocks killing, but long-term replacement therapy with 
testosterone propionate (TP) will maintain a normal level of 
killing. Rosenberg and Sherman [12] found that postnatal TP 
treatment was sufficient to induce killing in ovariectomized 
female rats, but that prenatal TP was not necessary. How- 
ever, their experimental design did not allow independent 
evaluation of prenatal TP. At this time the effects of prenatal 
manipulations on rat pup-killing are largely unknown. 

If a male rat does not kill rat pups, it is likely that he will 
eventually engage in maternal behavior. Rosenblatt [13] 
found that 6 or 7 days of exposure to pups were sufficient to 
initiate the following responses in the male rat: nest building, 
licking the pups, retrieving, and hovering over the pups in a 
nursing posture. Thus it is possible that manipulations that 
are related to a decrease in pup killing are related to an 
increase in maternal behavior. 

Subsequently, we [6] showed that the handling of mothers 
of male rat offspring produced a high level of pup-killing by 
the offspring with or without the addition of postnatal TP. 
Using a modified prenatal stress procedure on mothers of 
male rat offspring, we showed a marked reduction in pup- 
killing by the male offspring that was increased only with 
postnatal exogeneous TP. Injections of TP given to adult 
offspring produced no behavioral effect. We observed that 
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pup retrievals (our clearest index of maternal behavior) in 
the prenatally stressed offspring were at low levels as well. 
The data from this study [6] indicate that decreases in pup 
killing are not necessarily related to an increase in maternal 
behavior. 

We undertook the present study to expand the earlier 
results which we obtained with male rats to female rats. We 
wished to determine the effects of prenatal stress and han- 
dling on rat-pup killing and pup retrieval (as an index of 
maternal behavior) in female offspring, and whether the re- 
sultant behaviors can be modified by postnatal TP. Adult TP 
injections were not given in the present study because of 
their lack of effect shown in the earlier study. 


METHOD 
Subjects 
The subjects were female offspring of Long-Evans rats 
(Charles River) and were 91 days old at the time of behav- 
ioral tests. All animals were on ad lib food and water 
throughout the experiment. The vivarium was maintained on 
a 12-hour reverse light-dark cycle. 


Procedure 
Female rats were mated in our laboratory and assigned to 
one of six experimental conditions in a three x two factorial 


design. There were three conditions prenatally and two 
postnatally. In addition, other pregnant females were as- 
signed to a prenatal and postnatal nonmanipulated control 
group (NN). During the last 5 days of gestation, one group of 


pregnant rats (S) received intense illumination from two 150 
W floodlights (45.72 cm above the restraining apparatus) and 
restraint in a Plexiglas rodent restraining device for 45 min 
each day, one group was handled for 3 min each day (H), and 
one group was untouched (N). On the day of birth, the 
neonates were cross-fostered to experimentally naive 
mothers that had just delivered pups. Postnatally, each pre- 
natal group was split into two groups. One of the split groups 
received 0.5 mg TP in 0.05 ml sesame oil subcutaneously 
every other day from the second day of birth to Day 30 after 
birth (T). The other half of the groups received 0.05 ml of a 
sesame oil placebo (P) on the same schedule. Thus the final 
groups were designated by prenatal condition (S, H, or N) 
combined with postnatal condition (T or P). The litters re- 
mained intact until Day 23. On Day 23, the male pups were 
discarded, and the female pups were reared in groups of two 
or three in standard laboratory cages until Day 90. On Day 
90, each subject was isolated in standard laboratory cages. 
The number of subjects in each group were as follows: 
HT(18), HP(11), ST(16), SP(11), NT(13), and NP(11). The 
animals remained in the new cages for 24 hr prior to testing 
on Day 91. On Day 91, 2 hr past the onset of the dark phase 
of the light-dark cycle, each subject was tested with two 
l-day-old rat pups, and latencies to kill were recorded by a 
digital timer. The rat pups remained in each cage for 1 hr. Ifa 
subject failed to kill on Day 91, it was tested for 1 hr. on Day 
92. Animals that failed to kill on Days 91 and 92 were tested 
for 8 more days (30 min/day) for the occurrence of pup killing 
or maternal behavior. The absence of killing was assigned 
maximum latency (360 min). The maternal index used was 
pup retrieval. Latency to first response was recorded for this 
index; the absence of a response was assigned maximum 
latency (360 min). 
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FIG. |. Reciprocal mean latencies for females to kill rat pups. The 
prenatal condition is labeled on the abscissa and the postnatal con- 
dition is represented by the respective curves 


RESULTS 


The group that received prenatal handling and postnatal 
testosterone (HT) killed faster than any other group. A three 
(Prenatal Condition) by two (Postnatal Condition) ANOVA 
on the reciprocal latency to kill revealed significant effects 
for Prenatal Condition, F(2,74)=4.35, p<0.02; Postnatal 
Condition, F(1,74)=12.73, p<0.001, as well as the presence 
of a significant interaction, F(2,74)=4.56, p<0.02. Planned a 
priori nonorthogonal comparisons (adjusted) showed that all 
effects were due to the more rapid pup killing by the HT 
group when compared to all other groups (all ts>3.40, all 
ps<0.01). No other group reliably differed from any other 
(ps>0.05; see Fig. 1 and Table 1). This effect was not limited 
to latency to kill, but extended to the proportion of animals 
in each group killing as well. Chi-square analyses showed 
that a higher proportion of animals killed in the HT group 
than in any of the postnatal P groups (ps<0.05). As Table 2 
shows, 72% of the animals in group HT killed pups, while the 
animals in the postnatal P groups killed at levels less than 
20%. The other postnatal T groups did not differ from the P 
groups (ps>0.05). In all cases in which pups were attacked 
and killed, both pups were killed and they were also eaten. 
Attacks typically began at the rostral end of the pup and 
ingestion of the pup proceeded caudally. 

An analysis of variance on reciprocal latencies to first 
retrieval showed no differences between the groups in the 
three < two design. However, animals in the nonmanipu- 
lated control group (NN) retrieved faster, 1(107)=3.57, 
p<0.01 and more of them did so, w?(1)=8.97, p<0.01, than 
the other groups (collapsed across conditions, see Table 2). 


DISCUSSION 
Exogeneous early postnatal testosterone combined with 
prenatal handling produced both more frequent and a more 
rapid rat-pup killing in female Long-Evans rats than did any 
other single, or combination of, experimental treatment(s). 


Because less than 10% of female rats and mice kill rat pups, 
but 40-50% of male rats and mice do so [2,11], the han- 
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TABLE 1 


MEANS AND STANDARD DEVIATIONS OF RECIPROCAL 
LATENCIES TO KILL RAT PUPS BY LONG-EVANS RATS 





Group N Means 





HT 18 0.517 + 0.499* 
HP 11 0.007 + 0.009 
ST 16 0.159 + 0.335 
SP 1] 0.027 + 0.061 
NT 13 0.066 + 0.142 
NP 11 0.000 + 0.000 


NN 29 0.000 + 0.000 





*Different from the other groups at the 0.01 level of significance. 


TABLE 2 
NUMBER AND PERCENT OF LONG-EVANS RATS SHOWING THE 
PUP-KILLING AND RETRIEVAL RESPONSES 





No 


Group N Kills Response 





HT 
HP 
ST 
SP 
NT 
NP 


a” ww on ro 


NN 


Totals 
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dling/testosterone effect here shows evidence that the female 
rats were behaviorally masculinized. As this study has 
shown, testosterone augments the effects of prenatal han- 
dling in female rats but does not do so with the other prenatal 
variables (stress and the absence of manipulation). In the 
earlier similar study [6], prenatal handling was sufficient to 
increase the pup-killing response with or without postnatal 
TP in male rats. It is possible that prenatal handling of male 
rats may promote the efficient usage of endogeneous testos- 
terone by suppression of corticosterone levels through the 
gonadal-pituitary-adrenal axis or by some as yet undeter- 
mined direct effect. Pfeifer, et a/. [8] have shown that rats 
handled in infancy have a lower corticosterone response to 
stress at 35 days of age than do rats that receive shock or 
heat stress in infancy. In female rats, prenatal endogeneous 
testosterone is scarce, and only when prenatal handling can 
interact with early postnatal TP can the pup-killing response 
be increased. 

Animals in the nonmanipulated control group retrieved 
faster and more of them did so than the animals in groups 
that received prenatal and postnatal manipulations. In the 
earlier Miley ef al. study [6] males that were not manipulated 
prenatally or early postnatally also retrieved faster and more 
of the did so than any of the groups that were so manipu- 
lated. Apparently preinatal manipulations of any sort sup- 
press the retrieval measure in adult female rats. 

Prenatal stress did not affect the pup-killing or retrieval 
responses. It should be noted, however, that the responses 
occurred so infrequently in this study that a floor effect may 
have occurred preventing prenatal stress from showing its 
effects empirically. Nevertheless, the data provide strong 
support that sexually dimorphic adult behaviors are affected 
by perinatal manipulations in female as well as male rats. 
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LEE, T. M., C. LEE AND H. MOLTZ. Prolactin in liver cytosol and pheromonal emission in the rat. PHYSIOL. BEHAV 
28(4) 631-633, 1982.—We tested the hypothesis that the concentration of prolactin in the liver of the lactating female rat is 
critically related to her release of the maternal pheromone. The data supported this hypothesis and enabled us to provide an 
account, more complete than before, of the physiological events that lead to pheromonal emission. 


Maternal pheromone Prolactin Liver cytosol 


IT is well known that the lactating rat emits a pheromone 
that strongly attracts pups (e.g., [7, 8, 9]). This pheromone is 
synthesized in the cecum and then excreted in the feces [6]. 
It first appears in the feces 14 days after parturition and 
typically disappears at 27 days [7]. Several lines of evidence, 
obtained in our laboratory [3, 4, 5], support the conclusion 
that what is being excreted by the mother and responded to 
by the young is a byproduct of cholic acid. Although this 
byproduct has not been identified, the nature of its precursor 
is well known. Cholic acid is a steroid, produced by the liver 
and discharged directly into the small intestine (the rat does 
not have a gall bladder). Moltz and Lee [11] have hypoth- 
esized that a critical elevation in the output of cholic acid, 
leading to the appearance of the pheromone, results from 
above-normal concentrations of prolactin in the liver. 

The first report to suggest that prolactin was somehow 
implicated in pheromonal emission was that of Leon and 
Moltz [9]. They used the dopamine agonist ergocornine hy- 
drogen maleate to suppress the discharge of prolactin and 
found that lactating females failed to emit the attractant, 
even though they continued to behave maternally. When in 
turn the hormone and the drug were administered simulta- 
neously, the drug proved to be without effect. Subsequently, 
Leon [6] and Kilpatrick and Moltz [5] demonstrated that 
prolactin injections alone elicited the pheromone in other- 
wise non-pheromone emitting nulliparae. The authors drew 
the conclusion that elevated blood levels of prolactin, char- 
acteristic of the lactating female, underlie release of the at- 
tractant. 

However, to infer that the pheromone is prolactin de- 
pendent on the basis of the evidence just cited is to ignore a 
critical fact, namely, that heightened serum values of the 
hormone are not sustained throughout lactation [1,10]. On 
the contrary, such values are witnessed only during the first 
12-14 days postpartum. Thereafter, that is during the ensu- 
ing pheromonal period, prolactin in blood conspicuously 
declines. The question is obvious: how can the pheromone 
be prolactin dependent since it is emitted at a time of falling 


Cholic acid 


prolactin levels? Perhaps the answer is to be found by look- 
ing, not in blood, but in hepatic tissue. 

As already mentioned, Moltz and Lee [11] hypothesized 
that prolactin, when taken up in higher-than-normal concen- 
trations by the liver, raises the output of cholic acid, leading 
to the pheromone. On this basis, we would expect prolactin 
in hepatic cytosol, but not necessarily in blood, to reach 
peak levels concurrent with the presence of the attractant. 
Accordingly, we undertook to examine liver prolactin during 
periods of pheromonal and non-pheromonal emission. At the 
same time we measured serum prolactin to confirm that cir- 
culating levels of the hormone do in fact decrease while the 
pheromone is being emitted. 


METHOD 

Animals 
A total of 42 Wistar rats was sacrificed after being drawn 
from the following groups: virgin females in diestrus, preg- 
nant females 18 days post coitum or females 1, 5, 12, 21 or 30 
days postpartum. Each postpartum female had been allowed 
to give birth routinely and subsequently care for a litter of 
six young. At the time of sacrifice, a female was removed 
from the colony room and quickly decapitated. Trunk blood 
was then collected for prolactin assay and the liver rapidly 

excised. 


Tissue Preparation 


After removal, the liver was weighed, placed in an ice- 
cold beaker containing 100 ml of cold | mM sodium 
bicarbonate-10 mM calcium chloride, pH=7.0 (Buffer A). 
The tissue was homgenized using a Polytron PT 10 
Homogenizer for 30 sec, or for an additional 15—20 sec when 
needed. The homogenate was then diluted to 600 ml with 
cold Buffer A and centrifuged at 150 xg for 20 min at 4°C. 
The resulting supernatant was then centrifuged at 20,000 xg 
for 20 min at 4°C. The 20,000 xg pellet was resuspended in 
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10 mM cold Buffer B (25 mM sodium phosphate-0.5 mM 
magensium chloride-0.1% bovine serum albumin, BSA, 
pH=7.0). 

The membrane suspension was centrifuged again at 
20,000 x g for 20 min at 4°C after which the pellet was resus- 
pended in 6 ml Buffer B, aliquoted in 1 ml volumes and 
stored at —80°C until needed. The 150 xg pellet was simi- 
larly aliquoted into six | ml volumes and stored at —80°C. 
The supernatant from the first 20,000 xg centrifugation was 
aliquoted into six 1 ml volumes and stored at —80°C for 
prolactin measurement. 


Preparation of lodinated Rat-Prolactin 


lodinated rat-prolactin ('75] r-PRL) was prepared by the 
lactoperoxidase method of Thorell and Johanson [15] as 
modified by Shiu and Friesen [14]. Prolactin in a concentra- 
tion of 4 wg per 20 ul of 25 mM sodium phosphate buffer 
(pH=7.0), 5 ug lactoperoxidase in 10 ul of 25 mM sodium 
phosphate buffer (pH=7.0), and 1.25 mCI ™I in 12.5 ul 
sodium hydroxide were added to a 10x75 mm borosilicate 
glass tube. The reaction was started by adding 10 pl aliquot 
of 22 mM hydrogen peroxide. After 3 min, an additional 10 yl 
aliquot of 22 mM hydrogen peroxide was added. After an 
additional 3 min, the reaction was quenched by the addition 
of 438 ml Tris-HCI-0.1% BSA (TC/BSA) buffer, pH=7.0. 

125] r-PRL was purified using the method of Boesel and 
Shain [2]. The iodinated PRL was applied to a Sephadex 
G-100 column (1 x 30 cm) and equilibrated with TC/BSA buf- 
fer. The column was eluted at room temperature with 
TC/BSA and 60 fractions of approximately 0.25 ml were col- 
lected and specific activity was calculated directly from the 


optimal tubes by the method of Halpern (personal communi- 
cation) and by using the trichloroacetic acid (TCA) method 
of Shiu and Friesen [14]. After counting, an aliquot was di- 
luted such that 0.1 ml contained 25,000 cpm with PBS/BSA 


(phosphosaline buffer=0.1% bovine serum albumin, 
pH=7.6). The specific activity of '*I r-PRL was 130 uwCi/yg. 


Serum and Supernatant Prolactin Radioimmunoassay 


Trunk blood was allowed to coagulate in an ice-cold 
10x 13 mm tube. The serum was collected by centrifugation 
at 900 xg for 30 min and then aliquoted equally into 3 vials 
for freezing at —20°C until needed. 

Prolactin concentration was measured in serum and liver 
supernatant by the RIA method of Niswender, et a/. [13], 
using NIAMDD rat prolactin as the reference standard. The 
serum values obtained were transformed to logarithms and 
analyzed using analysis of variance. The supernatant values 
were analyzed without transformation. 


RESULTS AND DISCUSSION 


The concentration of prolactin in serum was elevated dur- 
ing the first 12 days of lactation and then decreased progres- 
sively. This is illustrated in Fig. 1A and confirms the results 
of Amenomori, Chen and Meites [1] and Marinari and Moltz 
[10]. 

Specifically, analysis of variance, F=6.30; p<0.001 
showed that prolactin in serum was significantly higher prior 
to the period of pheromonal emission, that is on Days 1, 5, 
and 12 postpartum, than during the period of pheromonal 
emission, that is on Day 21 postpartum. Indeed, on Day 21 
the blood concentration of the hormone was comparable to 
that exhibited by post-pheromonal females (Day 30) and 
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FIG. 1. Serum prolactin, cytosolic prolactin and cholic acid in nul- 
liparous, pregnant and postpartum females. **Significantly greater 
than all other groups. * Significantly greater than all other groups 
except **. The bar equals standard error of the mean. 


females that had never give birth (nulliparae and those preg- 
nant for 18 days). The Student-Neumann-Keuls test con- 
firmed what is obvious in Fig. 1A, namely, that the serum 
concentration of prolactin reached a maximum on Day 5 
postpartum. 

Liver prolactin presented a picture strikingly different 
from that of blood prolactin. As Fig. 1B illustrates, the con- 
centration of the hormone in hepatic cytosol was at a peak 
level during the period of pheromonal emission (Day 21). 
Moreover, it first reached that level on Day 12 postpartum, 
just prior to the time the attractant appeared. 

In using the words “‘peak level’’ we are referring to the 
fact that Days 12 and 21 witnessed the highest concentration 
of prolactin in hepatic cytosol relative to any other day of 
measurement. The Student-Neumann-Keuls test provided 
statistical confirmation. 





PHEROMONE AND LIVER PROLACTIN 


Finally, analysis of variance indicated that hepatic 
prolactin was elevated throughout the postpartum period, 
F=4.72; p<0.001. In other words, the concentration of the 
hormone in liver on Days 1, 5 and 30, although not as high as 
on Days 12 and 21, was nonetheless higher than in pregnant 
females and nulliparae. 

As already mentioned, Moltz and Lee [11] have hypoth- 
esized that prolactin, when taken up in higher-than-normal 
concentrations by the liver, raises the ouput of cholic acid, 
leading to the pheromone. Figure 1C, adapted from Kilpatrick, 
Bolt and Moltz [3] shows biliary cholic acid in wmoles/hr on 
Days 5, 12, 21 and 30 postpartum. The output of cholic acid 
was highest on Days 12 and 21, the very days that the con- 
centration of prolactin in hepatic cytosol displayed peak 
levels. 

From the data just cited, the following sequence of events 
can be advanced to explain how pheromonal emission oc- 
curs. During the first half of the postpartum period, the pups 
promote high blood levels of prolactin leading to a sustained 
uptake of the hormone in hepatic cytosol. Eventually peak 
cytosolic concentrations are reached. Such concentrations 
are in evidence just prior to the time of pheromonal emission 
(Day 12 postpartum in the present experiment), and during 
the time of pheromonal emission (Day 21 postpartum). 
Meanwhile serum values of prolactin have already started to 
decrease. We believe that, at a critical concentration in 
cytosol, prolactin leads to selected enzymatic changes in the 
liver which in turn elevate the output of cholic acid. That 


cholic acid in zmoles/hr and cytosol prolactin in ng/g achieve 
peak levels at the same time supports the hypothesis that the 
hormone in liver is critically related to the output of the 
steroid from liver. When cholic acid is thus heightened, we 
think that some fraction escapes the enterohepatic circula- 
tion, reaches the cecum, and is metabolized through the ac- 
tion of cecal bacteria. The result is a highly volatile product 
that appears in maternal feces and attracts young. 

The question was raised initially of how the pheromone 
can be prolactin dependent since it is emitted at a time of 
falling prolactin levels. We suggested that it is not prolactin 
in blood that is most immediately related to the pheromone, 
but prolactin in liver. The present experiment showed that 
although serum concentrations of the hormone do indeed 
decerase during the period of pheromonal emission, hepatic 
levels are in fact elevated. We are now studying the binding 
properties of hepatic membranes to determine how the liver, 
in turn, can show peak cytosolic concentrations of prolactin 
under the same falling serum concentrations of the hormone. 
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CHRISTENSEN, S. AND T. AGNER. Effects of lithium on circadian cycles in food and water intake, urinary concentra- 
tion and body weight in rats. PHYSIOL. BEHAV. 28(4)635-640, 1982.—Circadian cycles in food and water intake, urinary 
concentration and body weight were studied in normal rats, lithium-polyuric rats, rats with hereditary diabetes insipidus, 
and rats infused continuously with arginine vasopressin (ADH) 10 mU/hr IV. Normal rats showed characteristic cycles in 
body weight and urine flow and osmolality with diuresis in the dark (eating and drinking period) and antidiuresis in the light 
(resting) period. ADH-infusion eliminated the circadian cycle in urine osmolality, but not in urine flow, suggesting that 
factors besides ADH mediate the antidiuresis during the resting period. Rats with ADH-deficient diabetes insipidus showed 
obliteration of all circadian cycles studied, indicating the importance of the renal concentrating mechanism for the ampli- 
tude of the circadian cycles, observed in normal rats. In rats treated with lithium, circadian cycles in body weight and urine 
osmolality were absent. However, there was a significant circadian variation in urine flow and food and water consumption 
with peak values during the light period, when normal rats showed minimal values. It is concluded that in rats lithium 
causes marked changes in circadian cycles, which probably cannot be explained by its effect on the renal concentrating 


mechanism alone. 
Lithium Circadian cycles Urinary concentration 
Polyuria Rats 


LITHIUM has been shown to affect various circadian cycles 
in plants [4], animals [7,11] and humans [8], and it has been 
suggested that the therapeutic effect of lithium could be re- 
lated to its modification of certain circadian rhythms being 
altered in manic-depressive patients [10]. In a previous 
study, we noticed that the normal circadian cycles in urinary 
flow and osmolality were abolished in rats treated with 
lithium [2]. This could be due to a direct effect of lithium on 
circadian rhythms or an indirect consequence of the polyuria 
and polydipsia caused by lithium, necessitating continuous 
drinking throughout night and day. 

Since rats are widely used in behavioural lithium re- 
search, we found it of interest to elucidate the influence of 
lithium on the urinary concentration cycle in further detail. 
In the present study we examined the effect of prolonged 
lithium treatment on circadian cycles in eating and drinking 
behaviour, body weight, and urine volume and osmolality, as 
compared with normal rats. To assess the influence of net 
changes in renal concentrating ability per se on circadian 
cycles, we also examined polyuric rats with hereditary di- 
abetes insipidus, and antidiuretic rats infused continuously 
with antidiuretic hormone (ADH). 


METHOD 


Rats were kept in a temperature (22°C) and moisture 


Renal concentrating ability Diabetes insipidus 


(60%) controlled room with a 12-hour light-dark cycle (light 
on from 6 a.m. to 6 p.m.). Tap water and commercial rat 
pellets (Hvidestens rottefoderpille, Rostockblanding, C.F. 
Boserup, Faxe, Denmark) were offered to the animals ad lib. 
The diet contained 146 mmol of sodium and 230 mmol of 
potassium per kg dry weight. The animals were acclimatized 
in metabolism cages (Techniplast® model 1700, Italy) for 3-5 
days before the experiments. Determinations of circadian 
parameters were started at 8 a.m. and continued for 48 
hours. Body weight, food and water consumption, and urine 
flow and osmolality were recorded 4-hourly in the following 
groups of rats (Table 1). 


Animals and Treatments 


Control rats. Male Wistar SPF rats, weighing approx- 
imately 300 g. 

Lithium rats. Male Wistar SPF rats, weighing initially 
240-250 g, treated with lithium added to the diet for 14 weeks 
before the experiments. The lithium content of the diet was 
40 mmol/kg dry weight for the first 3 weeks, 60 mmol for the 
next 4 weeks, and then 70 mmol/kg. Solid NaCl was offered 
to the animals ad lib in order to prevent development of 
lithium intoxication. The plasma lithium concentration, de- 
termined at 10 a.m. after the experiments in blood samples 
from the jugular vein, was 1.02+0.12 mmol/ (1 SD). 
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TABLE | 


BODY WEIGHT, 


24 HR URINE FLOW AND 24 HR URINE OSMOLALITY IN THE DIFFERENT GROUPS OF 


RATS BEFORE THE DIURNAL EXPERIMENTS 


(MEAN VALUES + 


1 SD) 





No. of 


Group animals (g) 


Body weight 


Urine osmolality 
(mosmol/kg) 


Urine flow 
(ml/100 g/24 hr) 





304 + 
287 + 
294 + 
308 + 


Control 

ADH- infusion 
Diabetes insipidus 
Lithium 


20 
14 


23 
33 


78 > 28 1296 + 431 

+ 0.6 3153 + $22 
im: 6 
153 + 28 


: 


20 





Diabetes insipidus rats. Male homozygous Brattleboro 
rats with ADH-deficient diabetes insipidus were kindly de- 
livered by Dr. I. Chester Jones, University of Sheffield, 
Sheffield, UK, for these experiments. The high urine flow 
and low urine osmolality (Table 1) indicated a total degree of 
diabetes insipidus. 

ADH-infused rats. Male Wistar SPF rats, infused con- 
tinuously with arginine vasopressin (AVP) 10 mU/hr IV. 
ADH-infusion was performed by the use of Alzet® osmotic 
minipumps (model 1701, Alza Corp., CA), which deliver a 
constant infusion of | «l/hr for 6-7 days. Details of the surgi- 
cal implantation were described in a previous paper [1]. In 
brief, animals were anaesthetized with halothane+N,O/O, 
(1+1), and pumps preloaded with AVP 10 mU/ml in saline 
were implanted under the neck skin. A Silastic® catheter 
connected with the pump was inserted to the level of the left 
atrium through the left external jugular vein. The animals 
were allowed to recover for 3 days after the surgery, the 
diurnal parameters being determined on day 4 and 5 after the 
implantation. Previous experiments showed stabilization of 
the urinary parameters within 3 days after implantation of 
the pumps with saline only [1]. 

The circadian study was performed in June for all four 
groups of rats. 


Analytical Methods 


Body weight, urine flow and consumption of water and 
dry food were determined gravimetrically with a precision of 
0.1 g. Urine osmolality was determined by freezing point 
depression, using an Advanced® osmometer model 3 C II. 
Plasma lithium was determined by flame emission spec- 
trophotometry. 


Calculation and Statistics 


Total solute excretion was obtained by multiplication of 
urine flow and osmolality. The parameters were expressed 
per 100 g of body weight, using the pre-experimental body 
weight (Table 1) as a reference. For each animal and period 
the mean values obtained in the two consecutive 24-hour 
periods were used in the calculations. Circadian rhythms 
were evaluated statistically by two way analysis of variance, 
and p-values refer to statistical differences between all col- 
umns (periods). No rhythm was said to be present if p>0.05 
(n.S.). 


RESULTS 


Table 1 shows the mean 24-hour values of urine flow and 
osmolality before the circadian experiments. The rats treated 
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FIG. 1. Circadian cycles in normal Wistar rats (n=7). Animals were 
kept individually in metabolism cages in a room with a 12-hour 
light-dark cycle (light on from 6 a.m. to 6 p.m.) and with free access 
to food and water. Columns represent mean values. p-values refer to 
significant differences among periods, evaluated by two way 
analysis of variance (ns=p>0.05). 
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TABLE 2 
RATIOS BETWEEN HIGHEST AND LOWEST CIRCADIAN VALUES 





Water 
Group 


Urine 
intake flow 


Solute 
excretion 


Urine Food 
osmolality intake 





Control 9.7 2.9 
ADH-infusion 9.5 3.4 
Diabetes insipidus 1.4 (ns) 
Lithium S 1.6 


1.3 (ns) 





For each group the highest mean values were divided with the lowest mean values within 
the 24 hr period. (ns) indicates that the circadian changes were not significant (p >0.05) by 


two way analysis of variance on all periods. 


with lithium for 14 weeks had marked polyuria with a 10-fold 
higher urine flow than control rats, and corresponding low 
values of urine osmolality. Rats with hereditary diabetes in- 
sipidus showed a comparable degree of polyuria. Rats in- 
fused continuously with ADH at supramaximal doses ex- 
creted a small volume of highly concentrated urine, in com- 
parison with normal rats. 

The circadian rhythms in normal rats are shown in Fig. 1. 
The rats were awake and active in the dark period, as indi- 
cated by the high peak in eating and drinking rate occurring 
between 8 p.m. and 4 a.m. This pattern was also reflected by 
the urinary excretion of total solutes, which was 2.3-fold 
higher by night than by day (Table 2). The urine flow varied 
by a factor 3 with minimal values in the afternoon and maxi- 
mal values in the early morning. Urine osmolality varied by a 
factor 1.7 with maximal values between 4 and 8 p.m. and 
minimal values between 4 a.m. and noon. 

The body weight showed cyclic variations within the 24 
hours, with a fast weight gain during the eating and drinking 
period, followed by a slower weight loss during the resting 
period. The circadian changes in body weight, about 3%, 
apparently reflected periods with positive and negative water 
balance, as estimated from the varying differences between 
water intake and urine flow: During the eating and drinking 
period the water intake was 2-3 fold higher than the urine 
flow, whereas it was equal to or less than the urine flow in 
the remaining hours. Since, in antidiuretic rats, insensible 
water loss accounts for more than half of the total water loss 
[3], it can be calculated that the animals were in negative 
water balance for the greater part of the 24 hours, at least 
between 4 a.m. and 4 p.m. 

Lithium-treated rats showed a quite different circadian 
rhythm with less or no variations in the parameters (Fig. 2, 
Table 2). The osmolality of the urine was fixed at low 
hypotonic levels, so that the small but significant changes in 
urine flow reflected changes in solute excretion, and hence 
food and water ingestion. As opposed to normal rats, the 
lithium-treated animals ate and drank throughout the 24 
hours. However, there was a small but significant variation 
in eating and drinking rates with highest values occurring 
between 4 a.m. and noon, i.e., the period where normal rats 
were less active in eating and drinking behaviour. The body 
weight showed no significant changes. 

Rats with hereditary diabetes insipidus due to ADH- 
deficiency showed complete obliteration of all circadian var- 
iations observed in normal rats (Fig. 3, Table 2). 

Rats infused continuously with ADH at supramaximal 
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FIG. 2. Circadian cycles in Wistar rats with polyuria induced by 
administration of LiCl in the food for 14 weeks (n=7). Plasma 
lithium concentration was 1.02+0.12 mmol/l (SD). For further de- 


tails see legend to Fig. 1. 
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FIG. 3. Circadian cycles in Brattleboro rats with hereditary ADH- 
deficient diabetes insipidus (n=5). For further details see legend to 
Fig. 1. 


rate showed a circadian rhythm which was very similar to 
that of normal rats, except that the changes in urine osmolal- 
ity were absent (Fig. 4, Table 2). 


DISCUSSION 


Both humans and rats show circadian cycles in urinary 
concentration, with a high volume of diluted urine in the 
active period, alternating with small volumes of concen- 
trated urine during the resting period [9, 13, 18]. Besides 
environmental and behavioural factors such as light, tem- 
perature, noise, activity, and eating and drinking behaviour, 
several physiological factors may contribute to the normal 
circadian cycle in urinary concentration: Changes in body 
temperature, blood pressure, glomerular filtration rate, 
renal blood flow, filtration fraction, and tubular water reab- 
sorption. These may, in turn, be mediated by circadian cy- 
cles in humoral factors such as corticosteroids, glucucor- 
ticoids, and ADH. It was not the aim of the present study to 
define the complex mechanisms involved in the normal uri- 
nary concentration cycle, but specifically to establish 
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FIG. 4. Circadian cycles in Wistar rats infused intravenously with 
arginine vasopressin, 10 mU/hr for 7 days (n=7). Diurnal values 
were determined on day 4 and 5 after implantation of Alzet® osmotic 
minipumps. For further details see legend to Fig. 1. 


whether the characteristic effects of lithium on this cycle in 
rats could be explained by its effect on the renal concentrat- 
ing mechanism per se. This was attempted by comparing 
normal and lithium-treated rats with rats with hereditary 
diabetes insipidus. Since the normal cycle in urine flow has 
been suggested to be mediated by antidiuretic hormone [5], 
we also included one group of rats with continuous su- 
pramaximal ADH-stimulation. 

Our study in normal rats (Fig. 1) showed that the changes 
in urinary concentration were related to the circadian cycle 
in eating and drinking behaviour, which in turn is syn- 
chronized by the light-dark cycle (note that rats are noctur- 
nal animals). Thus, with a certain delay, high volumes of 
diluted urine were excreted at night during the active eating 
and drinking period, while small volumes of more concen- 
trated urine were excreted in the day time, when the animals 
were resting. These changes were associated with a cir- 
cadian cycle in total water balance, being positive in the dark 
hours and negative in the light hours. The circadian cycle in 
body weight seemed to reflect the changes in water balance. 

The complete loss of concentrating ability, as demon- 
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strated in Brattleboro rats with total diabetes insipidus, was 
associated with an obliteration of all the circadian cycles 
observed in normal rats (Fig. 3). Diabetes insipidus rats are 
chronic hyperosmolar [13] and must drink continuously in 
order to avoid fatal dehydration. The need of continuous 
drinking seemed to affect the normal cycle in eating be- 
haviour, and probably also the rest-activity cycle, since the 
animals drank and ate continuously throughout the 24 hours. 
Since, in diabetes insipidus rats, urine osmolality is fixed at 
low hypotonic levels, the urine flow is solely dependent on 
the solute excretion rate, which in turn reflects food con- 
sumption. The absence of a circadian cycle in urine flow in 
these animals thus emphasizes the importance of the eating 
and drinking behaviour for the normal cycle in urine flow. 

Our findings in rats with ADH-deficient diabetes insipidus 
confirm previous observations that the amplitude of the cir- 
cadian cycle in drinking behaviour is to a great extent 
abolished under cyclic light-dark conditions [6, 12, 16], al- 
though in these studies drinking as well as locomotor activity 
were still higher in the dark period than in the light period. 
We were unable to disclose such a difference in the only 48 
hours observation period, but it should be mentioned that 
our animals were disturbed every 4 hours for sampling and 
weighing, whereas in other studies animals were undis- 
turbed. 

It has been suggested that vasopressin containing neurons 
in the suprachiasmatic hypothalamic nuclei may participate 
in the generation of circadian rhythms in mammals [16]. 
However, it has been shown that homozogous Brattleboro 
rats, which lack vasopressin in the brain, still show circadian 
rhythms under cyclic as well as constant light conditions 
[6,16]. The absence of circadian rhythms in diabetes in- 
sipidus rats in the present study may thus be attributed to the 
loss of concentrating ability, rather than to impairment of 
rhythm generation in the state of vasopressin deficiency. 

Lithium-treated rats showed partial obliteration of the 
circadian cycles, suggesting that the effect of lithium on the 
urinary concentration cycle may, at least in part, be ex- 
plained by the loss of renal concentrating ability. However, 
as opposed to diabetes insipidus rats, lithium rats still 
showed a small but significant cycle in eating and drinking 
behaviour, and hence in urine flow. Interestingly enough, 
minimal eating and drinking activity occurred between 8 
p.m. and midnight, i.e., in the period with maximal eating 
and drinking activity for normal rats. It is evident that this 
reversal in eating and drinking rhythm, compared with nor- 
mal rats, cannot be explained by the renal effects of lithium 
alone, and therefore probably reflect a direct effect of lithium 
on circadian rhythmicity. 


Lithium has been shown to affect circadian cycles in 
plants [4], animals [6,11], and humans [8], and it has been 
suggested that the therapeutic effects of this ion in affective 
disorders may be related to such chronobiological effects 
[10]. Most studies describe a slowing circadian activity 
rhythms (‘‘the biological clock’) under circumstances where 
external stimuli such as light-dark cycles were omitted. The 
present study was not designed to disclose such effects of 
lithium. However, although we did not record direct param- 
eters for motor activity, our results suggest that the normal 
rest-activity cycle was obliterated, and probably to some 
extent reversed, in rats with lithium-polyuria. This appears 
to be in variance with other rat studies, where lithium did not 
affect circadian cycles in motor activity [14] or where lithium 
was reported to decrease voluntary activity in the day time 
[17]. We are unable to explain this apparent discrepancy 
between studies. However, important factors may be the 
mode of administration, the dose and the duration of lithium 
treatment, all of which differed among the studies. Also the 
degree of polyuria was not assessed, and the probable influ- 
ence of lithium-induced loss of renal concentrating ability on 
circadian cycles was neglected in previous studies. 

Rats infused continuously with ADH at supramaximal 
rate showed a normal circadian cycle in the urine flow, de- 
spite no significant changes in the osmolality of the highly 
concentrated urine. This experiment demonstrates that en- 
dogenous ADH-secretion may be of little importance for the 
normal circadian changes in urine flow. Factors beside ADH 
must then be responsible for the antidiuresis occurring dur- 
ing the resting period. 

In conclusion, our experiments have shown that in nor- 
mal rats the circadian cycle in urinary concentration depends 
to a great extent on circadian rhythms in food and water 
ingestion, which in turn relates to light-dark and rest-activity 
cycles. The reduction in urine flow during the resting period, 
corresponding to nocturnal oliguria in humans, seems to be 
mediated by factors other than ADH. Rats with diabetes 
insipidus due to ADH deficiency showed obliteration of all 
circadian cycles studied, indicating the importance of the 
renal concentrating mechanism for the amplitude of the nor- 
mal circadian cycles. Rats treated with lithium showed no 
cycles in urine osmolality and body weight, and reversed 
cycles in urine flow and eating and drinking behaviour, in 
comparison with normal rats. This reversal cannot be ex 
plained by lithium effects on the renal concentrating mech- 
anism, and may reflect a direct effect of lithium on circadian 
rhythmicity. 


REFERENCES 


. Christensen, S. DDAVP (1-desamino-8-D-arginine-vasopressin) 
treatment of lithium-induced polyuria in the rat. Scand. J. clin. 
Lab. Invest. 40: 151-157, 1980. 

. Christensen, S. and B. Hansen. Reversibility of lithium-induced 
impairment of renal concentrating ability in rats. Renal Physiol. 
2: 83-89, 1980. 

. Dicker, S. E. and J. Nunn. The role of the antidiuretic hormone 
during water deprivation in rats. J. Physiol. 136: 235-248, 1957. 

. Engelmann, W. A slowing of circadian rhythms by lithium ions. 
Z. Naturf. 28c: 733-736, 1973. 

. George, C. P. L., F. H. Messerli, J. Genest, W. Nowaczynski, 
R. Boucher, O. Kuchel and M. Rojo-Ortega. Diurnal variation 
of plasma vasopressin in man. J. clin. Endocr. Metab. 41: 332- 
338, 1975. 


6. Groblewski, T. A., A. A. Nunez and R. M. Gold. Circadian 
rhythms in vasopressin deficient rats. Brain Res. Bull. 6: 125- 
130, 1981. 

. Hofmann, K., M. Giinderoth-Palmowski, G. Wiedermann and 
W. Engelmann. Further evidence for period lengthening effect 
of Li* on circadian rhythms. Z. Naturf. 33c: 231-234, 1978. 

. Johnsson, A., W. Engelmann, B. Pflug and W. Klemke. Influ- 
ence of lithium ions on human circadian rhythms. Pharmakop- 
sychiat. Neuropsychopharmak. 12: 123-125, 1979. 

. Konig, A. and A. Mayer. Tagesperiodische Schwankungen der 
Urinausscheidung und des Adiuretingehaltes im Hypophy- 
senhinterlappen mannlicher Wistar-Ratten. Acta endocr. 54: 
275-281, 1967. 





10. Kripke, D. F., D. J. Mullaney, M. Atkinson and S. Wolf. Cir- 
cadian rhythm disorders in manic-depressives. Biol. Psychiat. 


. Kripke, D. F. and V. G. Wyborney. Lithium slows rat circadian 
activity rhythms. Life Sci. 26: 1319-1321, 1980. 


. Kutscher, C. L. and W. A. Wright. Drinking characteristics of 


normal rats and rats heterozygous or homozygous for diabetes 
insipidus. Physiol Behav. 18: 833-839, 1977. 

. Laycock, J. F. The Brattleboro rat with hereditary hypotha- 
lamic diabetes insipidus. Gen. Pharmac. 8: 297-302, 1977. 

. Matussek, N. and S. Miller. Effect of chronic lithium treatment 
on behaviour and on norepinephrine metabolism in rat brain in a 
norepinephrine-deficient state. In: Neuropsychopharmacology, 
edited by J. R. Boissier, J. Hippius and P. Pichot. Amsterdam: 
Exerpta Medica, 1975, pp. 612-616. 


CHRISTENSEN AND AGNER 


. Mills, J. N. Diurnal rhythm in urine flow. J. Physiol. 113: 528- 


536, 1951. 


. Peterson, G. M., W. B. Watkins and R. Y. Moore. The sup- 


rachiasmatic hypothalamic nuclei of the rat. VI. Vasopressin 
neurons and circadian rhythmicity. Behav. Neural Biol. 29: 
236-245, 1980. 


7. Smith, D. F. and H. B. Smith. The effect of prolonged lithium 


administration on activity, reactivity, and endurance in the rat. 
Psychopharmacologia 30: 83-88, 1973. 


. Wesson, L. G. Electrolyte excretion in relation to diurnal cycles 


of renal function. Medicine, Baltimore 43: 547-592, 1964. 





Physiology & Behavior, Vol. 28, pp. 641-647. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A 


Theophylline Disrupts Diurnal Rhythms 
of Humoral Factors with Loss 
of Meal Cyclicity 


TOSHIIE SAKATA, MASATAKA FUKUSHIMA, KOICHIRO TSUTSUI 
KOICHI ARASE AND KAZUMA FUJIMOTO 


First Department of Internal Medicine, Faculty cf Medicine 
Kyushu University, Fukuoka, 812 Japan 


Received 1 October 1981 


SAKATA, T., M. FUKUSHIMA, K. TSUTSUI, K. ARASE AND K. FUJIMOTO. Theophylline disrupts diurnal rhythms 
of humoral factors with loss of meal cyclicity. PHYSIOL. BEHAV. 28(4) 641-647, 1982.—To test the possibility that 
theophylline induced circadian disappearance of food intake might depend upon rhythmic disruption of blood glucose, 
insulin and free fatty acids (FFA), theophylline was administered chronically. This markedly lengthened postprandial 
intermeal intervals during the dark, and induced approximately identical intermeal intervals and identical meal sizes in the 
light and dark periods. In contrast to the clear light-dark dependent oscillations of serum glucose, insulin and FFA in the 
controls, the theophyllinized rats lost circadian fluctuation of each of these three chemical substances. Further, theophyl- 
linized rats, unlike controls, had no time-dependent fluctuation in the levels of these substances at — 120, —60 or —15 min 
preceding the onset of the first meal before the dark. These findings, together with previous reports, explain the disappear- 
ance of nocturnal feeding rhythm in theophyllinized rats in terms of functional destruction of circadian regulation in the 


hypothalamus which modulate the production of chemical determinants of food intake 


Postprandial intermeal interval 
Theophylline 


Circadian disruption 
Preprandial metabolic fluctuations 


IT is well known that mammalian feeding behavior is gov- 
erned by changes in neural activity of chemosensitive 
neurons in both the ventromedial hypothalamic nucleus 
(VMH) and the lateral hypothalamic area (LHA) [15]. These 
neurons are not only sensitive to changes in endogenous 
chemical components, but also control the levels of some of 
them via autonomic nerve activity, e.g., the insulin- or 
glucagon-releasing activity of the VMH and/or the LHA [16, 
18, 25, 29]. Circadian variation of food intake in mammals is 
considered, in general, to be closely linked to circadian 
rhythmic changes in endogenous chemical components. 
Circadian rhythmicity is also observed in the neural activity 
of populations of neurons in the VMH and the LHA [9]. 

In previous studies, we demonstrated that chronic admin- 
istration of theophylline in rats disrupted the circadian 
light-dark feeding cycle without influencing the total amount 
of daily food intake [7, 22, 23], and induced circadian desyn- 
chronization of light-dark patterns in running-wheel activity 
while leaving the total amount of activity during 24 hr unaf- 
fected [24]. 

These findings led us to investigate whether the 
theophylline-induced circadian desynchronization in food in- 
take and running-wheel activity might depend on disruption 
of the rhythmic cycles of endogenous chemical components. 
In the present study, these questions were tested: first, by 
simultaneously recording daily patterns of meals and circa- 
dian changes in blood glucose, insulin and free fatty acids 


Glucose 


Insulin Free fatty acids 


(FFA); and then, by observing the time course of metabolic 
signals which preceded the onset of the first meal before 
dark. 


METHOD 


Animals 


Adult male Wistar King A strain rats, weighing between 
300-340 g, were used. The experimental room was sound- 
proof and illuminated daily from 0900-2100 hr (a 12:12 light- 
dark cycle) and maintained at 22+2°C with humidity at 
60+5%. The rats were reared under these conditions from 
the prenatal period. Tap water and a standard pelleted rat 
chow (mean weight, 47.8+1.0 mg ranging from 42 to 56 mg) 
were available ad lib throughout the experiment, including 
the days of blood sampling. Before each experiment all rats 
were handled for 5 min daily for 2 successive days to equate 
their arousal levels. 


Apparatus 


The testing chamber used for obtaining meal patterns and 
blood sampling was 30x25x25 cm. The back side was a 
sheet of milk glass through which the inside was illuminated 
with two, 10 W fluorescent lamps, the front side was a one- 
way vision screen to observe the animals without distracting 
them, and the other walls were painted gray. The chamber 
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was equipped with a pellet sensing eatometer [6] 12 mm 
above the floor in the middle of one wall. Whenever a rat 
picked up a food pellet from the eatometer a photocell circuit 
was activated and delivered another pellet from a dispenser 
(Ralph Gerbrande Co., Model G 5100). Each pellet delivery 
was recorded in a minicomputer and printed out on a tele- 
typewriter. The time of occurence of the meal, its size and 
duration, the intermeal interval and any pellets eaten be- 
tween meals were also recorded. The computer and tele- 
typewriter were in a separate room. 


Blood Sampling and Drug Infusion 


Blood samples were collected through the jugular vein 
according to a modification of the method described by Stef- 
fens [28] and Nicolaidis et al. [14]. The blood sampling sys- 
tem has been described in detail elsewhere [26,30]. Blood 
samples were collected from a chronically indwelling 
silicone, right atrial catheter implanted through the right ex- 
ternal jugular vein. To minimize the limitation that the free 
end of the sampling tube had to be kept closed at all times to 
prevent air from being sucked into the system, the tube was 
attached to a Venoject Multi Sampling Needle (21 ga) 
(Terumo Corporation). In order to avoid the problem of fre- 
quently tearing off the sampling tube connected to the head 
attachment and disturbing the behavior of the rat, a saddle 
was fastened on the back and the sampling tube was 
anchored to this saddle. 

Drugs were infused into a chronically indwelling, silicone, 
peritoneal catheter implanted through an incision in the ab- 
dominal wall | cm below the attachment of the left 13th rib to 
the vertebra. 

Both of the described catheters were brought subcutane- 
ously to the skull and attached to *‘L”’ shaped stainless steel 
tubes which were anchored by screws and dental acrylic 
glue, Pile **B’’ No. 067750 (Japan Shofu Dental MFG. Co., 
Ltd.). 


Procedure 


After 5 days of adaptation to their testing chamber, all 
rats were implanted with intraatrial and intraperitoneal 
catheters and allowed to recover for 5 days. In this time, 
food and water intake and body weight returned to normal. 
Feeding behaviors, including meal frequency, meal size and 
postprandial intermeal interval, were monitored for a 2 day 
period and then recorded for 3 days as baseline data. 
Theophylline (28.0 mM dissolved in 150 mM NaCl solution 
per 100 g body weight) or the same volume of saline was then 
administered through the intraperitoneal catheter over a 14 
days period. Behavioral data were collected during this 
treatment. Throughout the treatment period, the rats were 
infused twice daily at 0900 and 1100 hr. The results were 
evaluated only for the last 3 days of the treatment. The val- 
ues for the first 11 days were ignored to avoid unstable be- 
havioral conditions. On the 14th day of the treatment, blood 
samples were obtained from each rat. Each blood sample 
was taken within a minute from time of approach to comple- 
tion of blood withdrawal without any discomfort to the rats. 
Cannulas were maintained patent by flushing with less than 
0.1 ml of saline after each blood sampling. Blood was cen- 
trifuged in a refrigerated centrifuge and the serum was frozen 
until analysis. Serum glucose was determined by the glucose 
oxidase method, serum insulin by a double-antibody 
radioimmunoassay, and serum FFA by a modification of 
Duncombe’s method [11]. 
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Circadian Variations of Glucose, Insulin and FFA 


Twelve rats were divided into 2 groups, matched on the 
basis of body weight on the last day of the pretreatment 
period. Blood samples were taken from each rat every 4 hr 
from 0900 to 0900 hr on the next day via an indwelling 
intraatrial catheter. Immediately before flushing cannulas 
with saline following each sampling, rats were transfused 
with the spun off blood cells mixed with saline in order to 
avoid stress due to loss of blood during repeated sampling. 
The intraperitoneal catheter of each one rat belonging to the 
theophylline and the control groups was obstructed during 
the experiment, and the data of these rats were discarded 
from the analysis of the results. 


Levels of Glucose, Insulin and FFA Preceding First 
Spontaneous Meals 


Eight rats were used for the theophylline experiment and 
6 for the saline control observation. They were matched on 
the basis of body weight as described above. Four of the 
theophylline group and 3 of the controls were assigned to the 
groups from which blood samples were withdrawn. Blood 
was sampled 60 min prior to the expected first meal preced- 
ing the dark period which had been estimated from the meal 
patterns observed during the treatment period. Blood sam- 
pling for the other 4 rats in the theophylline group and the 
other 3 rats in the control group started 150 min prior to the 
expected first meal. From the start of each observation 
(starting 60 min before the expected first meals) blood sam- 
ples were taken at 30 min intervals as long as these spon- 
taneous first meals were not elicited or until 3 samples were 
taken from the same individual. For the observations starting 
150 min before the expected first meals, blood samples were 
taken within — 150, —120 and —90 min of the start of the first 
meals until spontaneous eating occurred. In the case of the 
theophylline group, the meal prior to the dark which was not 
preceded by another meal for more than 3 hr was termed the 
first meal. The start of the first meal was indicated as time 
zero. All determinations of a given substance falling within 
the period of 15+15 min before time zero were termed as the 
level of a substance at —15 min. Similarly, the values indi- 
cated for —60 and —120 min were those obtained within 30 
min before and after the indicated times. 

Statistical evaluation of the data was based on analysis of 
variances with replication in which orthogonal decomposi- 
tion for linear comparison was carried out. 


RESULTS 
Meal Patterns 


During the last 3 day period of pretreatment the rats as- 
signed to the theophylline group ate the same size meals with 
the same intermeal intervals as the controls in the light, the 
dark and the 24 hr periods (Table 1). Consequently, no 
difference was found during this pretreatment period be- 
tween the body weights in these 2 groups (theophyl- 
line =325.0+2.7 g, control=326.5+2.8 g). This confirmed the 
fact that the rats had been divided into 2 equal groups regard- 
ing food intake. Throughout the light, the dark and the 24 hr 
periods, as shown in Table 1, meal frequency, total number 
of pellets, meal size and intermeal interval in the control 
group were not different for the pretreatment and treatment 
periods. In contrast to the controls, the theophyllinized rats 
in the light period ate larger numbers of pellets, 





THEOPHYLLINE AND CIRCADIAN FEEDING 


TABLE |! 


MEAN (+ S.E.) MEAL FREQUENCY (MF), TOTAL FOOD INTAKE (TFI), MEAL SIZE (MS) AND POSTPRANDIAL INTERMEAL INTERVAL (IMI) 
DURING LIGHT, DARK AND 24 HR PERIODS BEFORE AND AFTER 14 DAYS OF 
THEOPHYLLINE OR SALINE TREATMENT 





Posttreatment* 


TFI* MSt 
(No. of (No. of IMIt 
pellet) pellet) (min) 


Pretreatment* 


TFI* MSt 
MF (No. of (No. of MF 
(times) pellet) pellet) (times) 





Theophylline 
Light 
Dark 
24 hr 
Control 
Light 
Dark 


44.0+11.2 78.3+ 6.88 
41.6+ 5.6 83.3+ 5.79 
43.0+ 5.8 — 


5.9+0.39 
5.9+0.2¢ 
11.9+0.3 


35.7+2.6 359.6+82.2 
41.4+4.9 39.8+ 7.7 
40.6+2.8 — 


258.3+ 10.994 
243.8+ 15.79 
501.4+ 13.7 


1.8+0.2 
10.3+0.4 
12.3+0.6 


72.1+ 6.9 
455.3+ 9.5 
$27.0+11.1 


36.8+ 3.3 354.6+66.7 
45.7+ 4.9 40.4+ 8.7 
42.5+ 3.9 _ 


57.5+ 9.1 
472.7+ 9.7 
529.4+10.0 


36.9+2.8 387.5+79.5 
44.4+4.8 43.1+ 9.2 
41.7+3.0 — 


1.5+0.3 
10.8+0.5 
12.3+0.7 


68.2+ 8.7 
458.1+10.2 
526.6+ 10.5 


1.5+0.3 
10.8+0.5 
12.3+0.7 


24 hr 





*Evaluation of results performed only on values during the last 3 day periods before and after treatment. 
tTotal food intake (TFI) and meal size (MS) are in numbers of 47.8+1.0 mg standard pellets. 


¢Postprandial intermeal interval (IMI) is in minutes. 


Statistical differences between pre- and post-treatment periods within same groups: §=p<0.05, {=p<0.01. 


F(1,72)=18.4, p<0.01, due to shorter intervals (meal fre- 
quency: F(1,72)=11.8, p<0.01;  intermeal interval: 
F(1,936)=4.9, p<0.05) during the treatment period than dur- 
ing the pretreatment period, although they ate the same size 
meals in both periods, F(1,1128)<1. In the dark period dur- 
ing treatment, they ate less, F(1,72)=19.2, p<0.01, with 
longer intervals (meal frequency: F(1,72)=8.9, p<0.01; 
intermeal interval: F(1,936)=14.9, p<0.01) than during the 
pretreatment period. Once again, meal sizes in the dark were 
not affected. The dark period intake of the theophylline 
group rats gradually decreased to approximately 54% of its 
pretreatment level, while in the controls it remained nearly 
constant. Thus, chronic administration of theophylline in- 
duced marked lengthening of intermeal intervals during the 
dark while leaving meal sizes unaffected. This resulted in 
nearly equal intermeal intervals and meal sizes in the light 
and dark periods. In the last 3 day period of treatment, mean 
body weights of the 2 groups were not significantly different 
(theophylline =325.5+2.3 g, control=328.1+2.6 g). 

Example 24 hr meal patterns for the theophyllinized and 
the control saline rats are shown in Fig. 1. During the pre- 
treatment period most of the eating episodes occurred during 
the dark in both groups. Following theophylline treatment 
meals were scattered equally over the light and the dark 
periods (Fig. 1B), while meal patterns of the controls re- 
mained unchanged (Fig. 1A). This indicated disruption of the 
circadian rhythm of food intake by theophylline. 


Circadian Variations of Glucose, Insulin and FFA 


Figure 2A shows clear circadian fluctuations of serum 
glucose, insulin and FFA in the control group. Three out of 
the 4 rats had peak glucose and insulin values occurring at 
0100 hr, but in the other rat these peaked at 2100 hr. Minimal 
concentrations of serum glucose and insulin were observed 
at 1700 hr for all 4 rats. On the other hand, all 4 rats had their 
peak FFA values occurring at 1700 hr and their nadir values 
at 0100 hr. There was significant interaction between the 
main effects of time-courses treatments and these endoge- 


nous substances (F(12,168)=4.0, p<0.01; glucose vs insulin 
vs FFA: F(1,168)=41.3, p<0.01), which indicated clear cir- 
cadian rhythms in the variations of glucose, insulin and FFA. 
Unlike these light-dark dependent oscillations of glucose, 
insulin and FFA in the control group, all 4 rats in the 
theophylline group exhibited loss of circadian rhythm fluc- 
tuations in serum glucose, insulin and FFA levels, 
F(1,168)=2.8. Disappearance of circadian rhythmicity in the 
theophylline group is illustrated in Fig. 2B. However, the 
FFA and insulin levels at 1300 hr showed significant rises 
during their time-courses (FFA: F(1,168)=15.4, p<0.01; in- 
sulin: F(1,168)=4.1, p<0.05). 


Changes in Glucose, Insulin and FFA Preceding First 
Spontaneous Meals 


In order to carry out further observations on the 
theophyllinized rats regarding the dissociation of light-dark 
oriented oscillations of the levels of serum glucose, insulin 
and FFA, changes in levels of these substances preceding 
the first spontaneous meal before the dark were investigated. 
The results are shown in Fig. 3. As shown in Fig. 3A, the 
glucose levels in the control group did not change signifi- 
cantly during the last 150 min prior to the first spontaneous 
meal, but the insulin levels in the controls decreased signifi- 
cantly as the first meal time approached, F(1,54)=5.1, 
p<0.05. The time-course of FFA levels preceding the first 
meal showed a trend which was the reverse of those for 
glucose and insulin, F(1,54)=11.2, p<0.01. In the theophyl- 
line group, however, such coordinated time-dependent fluc- 
tuations of these substances were not observed at any time 
(Fig. 3B). 

DISCUSSION 

It has been generally accepted that circadian rhythm 

exists for corresponding blood FFA, glucose and insulin 


levels, in association with meal sequence [1, 4, 5, 10, 12, 20, 
21, 27, 34]. Glucose and insulin levels increase and peak 
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FIG. 1. Typical 24 hr meal patterns for one theophyllinized (B) and one saline control rat (A) during the last 3-day periods of pre- and 
post-treatment. Days 3-5 are pretreatment and days 12-14 are treatment days. Shading: dark time. Meals were scattered equally over light and 
dark times following theophylline treatment; meal patterns of controls remained unchanged. 


during a meal, and then, decline thereafter [27,29]. FFA level 
shows the reversed pattern of the circadian distribution ob- 
served in blood glucose and insulin, because lipogenesis is 
accelerated according to meal intake [1, 12, 32]. In times of 
ample nutrient supply, during and immediately after meals, a 
large influx of glucose into the blood stream and, in turn, into 
the liver and adipose tissue occurs, since carbohydrates are 
absorbed mainly as glucose after digestion in the alimentary 
tract. In association with the increased glucose utilization, 
the rate of FFA release decreases and net disappearance of 
plasma FFA is enhanced by the processes of FFA activation 
to form fatty acyl coenzyme A derivatives which in turn 
react with a-glycerophosphate, and are then esterified into 
triglyceride [32]. Thus, a sufficient supply of glucose is 
necessary for the esterification reactions of FFA and 
a-glycerophosphate, because glucose is the source of 
a-glycerophosphate through the phosphogluconate oxidative 
pathway. It is well-known that insulin stimulates the oxida- 
tion of carbon-1 and -6 of glucose [32], and that insulin acts 
on glucose uptake and metabolism in adipose tissue metabo- 
lism where glucose is required [32]. Insulin secretion de- 
pends on blood glucose level as well as on plasma amino 
acids [2] and is affected by action of the autonomic nervous 
system [33]. In other words, periods of intensive food intake 
are characterized by a high potential for insulin secretion 
and, on the contrary, periods of small food intake are charac- 
terized by low potential for insulin secretion. It is notewor- 


thy that cyclic secretion of insulin is not only dependent on 
the blood glucose concentration, but also on activity of the 
autonomic nerves [33]. This indicates that insulin secretion 
and blood glucose concentration are regulated by a negative 
feedback mechanism between the islets of Langerhans, the 
liver and the hypothalamus, which is exerted mainly through 
the autonomic nervous system. The reliable correlation of 
meal patterns in rats with circadian variations of various 
endogenous substances, presented in this study, suggests 
that feeding patterns might be modulated by endogenous 
metabolic circadian signals, the rhythm of which is entrained 
by the lighting cycle [20,21]. 

The present results of feeding patterns observed in rats 
treated with theophylline are in accordance with our previ- 
ous findings in which the daily food intake during the light 
period gradually increased until approximately 50% of the 
food was consumed during this period with a simultaneous 
decrease of nocturnal feeding and no change in total food 
intake during 24 hr [22,23]. These findings suggested that 
meal patterns during the dark period might change in such a 
way that either smaller and/or less frequent meals were 
taken. In fact, the meal patterns observed in the present 
study of theophyllinized rats, as shown in Table 1, consisted 
of a marked lengthening of intermeal intervals in the dark 
period without change in the meal size. This is similar to a 
proposal by Panksepp er al. [19]. According to Kraly et al. 
[10], rats were less satiated by ingested food at night than 
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FIG. 2. Circadian fluctuations of serum glucose, insulin and free fatty acids of saline control rats (A) and after 14-days treatment with 
theophylline (B). Vertical bars show standard errors. Shading: dark time. 
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FIG. 3. Changes in levels of serum glucose, insulin and free fatty acids preceding the first spontaneous meal before dark time in saline control 
rats (A) and after 14-days treatment with theophylline (B). Determinations of a given substance falling within 15 + 15 min before time zero were 
assigned to —15 min. Similarly, values indicated as —60 and —120 min were obtained within +30 min of these points in time. Vertical bars: 
standard errors. @—@: glucose, A—:—A; insulin, @----@: free fatty acids. 





during the day when they were deprived during 3 hr in the 
night and the day, because postprandial intermeal interval 
was shorter at night and the satiety ratio (intermeal inter- 
val/meal size) was smaller at night. 

It is thus conceivable that the theophyllinized rats were 
equally satiated during both the light and dark periods, since 
the postprandial intermeal intervals were not different in 
these periods. In possible connection with this, chronic ad- 
ministration of theophylline induced both a moderate fall of 
glucose and insulin concentrations as well as a moderate rise 
in FFA level during the normally lipogenic dark period, and 
relative increases, except glucose, during the normally 
lipolytic light period. Consequently, the usually clear circa- 
dian variations of these chemical substances disappeared 
(Fig. 2). In addition, no fluctuations in the levels were evi- 
dent at —120, —60 and —15 min preceding a meal (Fig. 3B). 

It has been found that theophylline produces a prompt 
rise in insulin which is not a consequence of the associated 
non-significant rise in blood glucose [31]. Further, adipose 
tissue response to lipolytic action of theophylline in the 
lipolytic light period [3] was higher than normal. This 
produced larger cyclic AMP accumulation which activates 
the fat cell lipolytic mechanism [3,13], since in this light 
period the activity of adenyl cyclase was relatively high 
while the activity of phosphodiesterase was low [3]. The 
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results of the present study showing a prompt rise in serum 
FFA as well as insulin, but not in serum glucose following 
theophylline administration at 0900 and 1100 hr and their 
subsequent decreases, agree with the prior findings. 

One possible reason for this disappearance of nocturnal 
rhythms may be the lipolytic and hyperinsulinemic re- 
sponses to a sustained dose of theophylline during the early 
light period [17]. One characteristic of the theophylline- 
induced circadian disruption of meal fluctuations is the loss 
of the circadian lipogenesis and lipolysis variations, although 
physiological rhythmicity in food intake depends on the ratio 
of the lipogenesis to lipolysis rates [1]. Taken together, the 
circadian feeding disruption observed in the theophyllinized 
rats might be explained in terms of the functional destruction 
of a circadian regulatory system in the hypothalamus [8] that 
modulates chemical determinants of food intake, such as 
glucose, insulin and FFA, as well as the corresponding 
postprandial intermeal intervals. 
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BEATTY, W. W., A. M. DODGE, K. L. TRAYLOR, J.C. DONEGAN AND P. R. GODDING. Septal lesions increas¢ 

play fighting in juvenile rats. PHYSIOL. BEHAV. 28(4) 649-652, 1982.—Play fighting is a behavior exhibited by juveniles 
of many mammalian species, but the neurology of this behavior is poorly understood. In the present study lesions of the 
septal area or control operations were performed in rats at 23 days of age and social play was studied between the ages of 
27-41 days of age. Septal lesions increased the frequency of play fighting and play initiation in both sexes; within the lesion 
and control groups males played more frequently and initiated more play bouts than females. Animals with septal lesions 
were somewhat lighter in body weight than controls, but since play frequency and body weight were not associated, it is 
unlikely that changes in body weight caused by the lesions are responsible for the effects of the lesions on play 


Septal area Play Play fighting 


PRIOR to puberty the young of many mammalian species 
engage in various types of play behavior. Certain forms of 
play, notably behaviors that are termed play fighting, are 
sexually dimorphic in some species. For example, young 
male rhesus monkeys and laboratory rats engage in play 
fighting more frequently than their female conspecifics [11, 
17, 18}. 

Although the functional significance of this sex difference 
for the development of adult social behavior is not at all 
clear, it is known that gonadal hormones, in particular tes- 
tosterone and dihydrotestosterone, exert important organ- 
izational influences on the development of play fighting in 
juvenile rats and monkeys [11,18]. By contract, activational 
influences of these same hormones appear to have little in- 
fluence on juvenile play fighting. 

A reasonable working hypothesis is that the organ- 
izational influences of gonadal hormones on play fighting in 
juveniles might be mediated, at least in part, by the effects 
of these hormones on the development of the central nervous 
system. While the broad outlines of the brain receptor sys- 
tems for androgens and other steroid hormones have been 
revealed by research in the last decade [15], the neurology of 
play has received little attention. In an attempt to fill this 
void we have been examing the effects on play of lesions in 
various forebrain areas that are known to have a fairly high 
concentration of steroid hormone receptors, and are also 
implicated in the regulation of agonistic and other social be- 
haviors in adult animals. 

In the initial experiment in this series we found that 
amygdaloid lesions reduced play frequency and play initia- 
tion in juvenile males but had no effect in females [16]. Using 
somewhat different testing procedures it has been reported 
that lesions of the medial preoptic area do not affect play in 
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Social development 


juvenile male rats [14]. In the present experiment the effects 


of septal lesions, produced shortly after weaning, were 
studied. The septum is known to contain androgen receptors 
[22] and in adult rats, septal lesions increase shock-elicited 
fighting, muricide and pup killing [1, 2, 6, 19, 20] implying an 
increase in both offensive and defensive components of 
agonistic behavior [3]. 


METHOD 

General 

The animals were 44 male and 44 female rats obtained 
from the Holtzman Co., Madison, WI at 21 days of age 
(N=56) or born of dams obtained from the same supplier 
while pregnant (N=32). The latter animals were raised in 
litters of 10 pups (typically 5 males and 5 females) until wean- 
ing at 21 days of age (see [5,16] for details). From 21-26 days 
of age all animals were housed in plastic maternity cages in 
groups of 7-10 with free access to Purina rat chow pellets 
and water except prior to surgery. The maternity and testing 
cages were housed in an air conditioned animal room that 
was illuminated from 0600-1800 hours by overhead fluores- 
cent lights. 


Surgery 

At 23 days of age the rats. were randomly assigned to 
septal lesion or control groups (N=22 of each sex in each 
group). Bilateral septal lesions were produced under Chloro- 
pent anesthesia by passing 1.0 mA DC for 10 sec between a 
No. | stainless steel insect pin insulated to the tip with 
Epoxylite and a rectal cathode. With the rat’s head horizon- 
tal between bregma and lambda the target coordinates in mm 
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with respect to bregma were: 0.9 anterior, 1.0 lateral and 5.0 
mm below the surface of the cortex at an 11° angle toward 
the midline. Half of the rats in the control group received 
sham operations in which the electrode was lowered into the 
brain to a depth of 3.0 mm at the same angle without passage 
of current; the remaining animals were simply anesthetized. 


Testing Procedure 

At 27 days of age the rats were weighed, marked on the 
tail with colored felt tip pens for identification and placed into 
observation cages (316138 cm high) made of galvanized 
metal with clear plastic fronts. Each of the 11 groups con- 
tained 4 rats of each sex. (Seven groups were composed of 
rats purchased from the supplier; the remaining groups were 
made up of rats born in the laboratory.) At least one male 
and one female in each group sustained a septal lesion; in 
most groups 2 rats of each sex had septal lesions. Once 
formed the groups remained intact; the animals were not 
disturbed except for normal maintenance and to renew tail 
markings as necessary. Food and water were freely avail- 
able. 

Daily observations of play were obtained between 27-41 
days of age. Observations began at the onset of the dark 
phase of the L:D cycle and continued until each group had 
been observed for 105, 20 second-long periods each day (typ- 
ically 3-5 hr). On a typical day a single observer scored the 
behavior of 3 or 4 social groups. The observer watched each 
group in turn, noting every animal in the group that engaged 
in play or initiated play during the observation period. For 
each observation period every rat that engaged in or initiated 
play was given a score of *‘1”’ in the appropriate category. 
Hence, for any animal scores for play fighting or play initia- 
tion could range from 0-105 on a particular day. Strictly 
speaking, the rating system employed yields modified fre- 
quency scores since an animal could engage in more than one 
play bout during a 20 sec epoch. For simplicity of exposition 
these scores are referred to as frequencies throughout the 
paper. In the present study the range of individual daily 
scores was 1-46 for play fighting and 0-15 for play initiation. 
Over the course of the experiment observers wer counter- 
balanced across test groups. 

The behavioral rating system has been described in detail 
elsewhere [5,17]. In brief, play fighting in juvenile rats in- 
cludes the following behaviors: ‘‘pouncing’’—one rat lunges 
at another with its forepaws extended; ‘‘wrestling’’—rats 
roll and tumble about; ‘‘boxing’’—both rats stand erect paw- 
ing at one another with the forepaws; ‘‘pinning’’—one rat 
stands on top of another while the rat on the bottom struggles 
to escape; “‘play-biting’’—one rat bites another, usually on 
the tail or leg. This behavior often involves vigorous pulling, 
but biting is inhibited and we have never observed a wound. 
Pouncing, tail and leg pulling were considered play initiation 
behaviors since Meaney and Stewart [17] found that these 
behaviors most often precipitated play fighting. Occasionally 
pairs of observers scored the same social groups. Product 
moment correlations on the total frequency of play fighting 
and play initiation for the 24 animals scored by both obser- 
vers yielded interobserver reliabilities that averaged 0.90 for 
play frequency and 0.71 for play initiation. At the end of 
testing, at 44 days of age, all animals were weighed again. 


Histology 
Following completion of the experiment all rats in the 
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lesion groups were given an overdose of Chloropent and 
perfused intracardially with physiological saline and 10% 
Formalin. Brains were sectioned on a cryostat at 40 u. Every 
fifth section through the lesion was saved and stained with 
thionin [9]. Lesions were reconstructed with the aid of a 
microprojector. One male in the lesion group sustained ex- 
tensive damage to the dorsomedial thalamus and was 
dropped from the study. No lesions could be found in the 
brains of 3 of the females; these rats were reassigned to the 
sham operated control condtion. The number of subjects per 
group after histological analysis is given in Table 1. 

For each rat the extent of damage to the pre- and post- 
commissural septum was quantified separately by rating the 
destruction on a 3 point scale: 

1 =damage restricted to the medial portion of the septum. 

2=complete destruction of the medial portion of the sep- 
tum with incomplete damage to the lateral portions of the 
structure. Typically in brains given a rating of 2 there was 
extensive damage to the lateral septum on one side to the 
brain with substantial sparing on the other side. 

3=complete bilateral destruction of the septum. 

Slight and unilateral damage to the medial part of the 
caudate nucleus was observed in 3 brains and in 4 other 
brains the lesions invaded the overlying corpus callosum and 
medial neocortex to a modest degree. Damage to these adja- 
cent regions was not correlated with play behavior. The his- 
tological ratings were made by an observer who was un- 
aware of the animals’ behavioral performance. 


Statistical Analysis 


Preliminary analyses of the frequency of play fighting, 
play initiation as well as body weights on Days 27 and 44 
established that there were no significant differences be- 
tween the sham and anesthesia control subgroups so the data 
for these groups were pooled to form a single control group 
for each sex. Because of the rather short postoperative re- 
covery period mandated by our desire to study play during 
the age range when the behavior occurs at highest frequency, 
we were concerned that the effects of the lesions might vary 
with the time since surgery. Accordingly, the data were 
analyzed in successive five day blocks. Since there were no 
interactions among the variables sex, lesion and blocks of 
testing days overall frequencies for the 15 day observation 
period are reported. For unknown reasons the frequency of 
play varied by a factor of 2 among the 11 social groups. Such 
variation introduces an unwelcome source of variability. To 
reduce this problem we calculated the total frequency of play 
fighting and play initiation for each of the 11 social groups, 
expressed each animal’s performance as a proportion of this 
total and performed analyses of variance on the resulting 
proportion as well as on the frequency scores. 


RESULTS 


Table 1 summarized the effects of septal lesions on play 
and body weight in both sexes as well as the results of the 
statistical analyses on all measures. Only the main effects for 
sex and lesion are shown since the Sex x Lesion interaction 
did not approach significance on any measure (all F<1). 

Septal lesions increased the frequency of play fighting and 
play initiation, but depressed body weights, both on Day 27 
and Day 44. To determine whether the changes in play 
caused by the lesions might be related to body weight, corre- 
lations were computed separately for males and females be- 
tween each of the body weight scores and each of the meas- 
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TABLE | 
EFFECTS OF SEPTAL LESIONS 





Mean Frequency* 


Group Play Fighting Play Initiation 


Play Fighting 


Mean Proportion x 100*7 Mean Body Weight (g)* 
Play Initiation Day 27 Day 44 





197.7 (6.7) 52.8 (3.1) 
170.8 (5.9) 42.7 (2.3) 
176.6 (5.9) 38.3 (2.6) 
Female Control 164.0 (7.6) 32.5 (2.1) 
Sex: F(1,83) Ra7 23.99§ 


Lesion: F(1,83) 7.524 9.81% 


Male Septal 
Male Control 
Female Septal 


77.3 (1.7) 
85.4 (1.4) 


214.1 (6.1) 
231.7 (5.4) 
73.2 (1.5) 168.7 (4.5) 
80.3 (1.5) 181.1 (3.8) 
9.36 91.908 
25.49§ 8.99 


16.0 (0.8) 
13.0 (0.7) 
12.5 (0.4) 11.6 (0.7) 
11.5 (0.4) 9.8 (0.5) 
8.314 34.67§ 
15.74§ 13.83§ 


14.1 (0.4) 
12.1 (0.3) 





*Values in parentheses are SEM. 


*For each animal the proportion of the total number of play fighting or play initiation events by its social group was determined 


tp<0.01. 
§p<0.001. 


FIG. 1. Reconstructions of two representative septal lesions at the 
locus of maximum destruction. Numbers below the sections identify 
plates from the atlas of K6nig and Klippel [13]. 


ures of play. Only one of these 16 correlations attained signif- 
icance at the 0.05 level, suggesting that the effects of the 
lesions on body weight were probably unrelated to their ef- 
fects on play. 

Also apparent in Table 1 is the typical sex difference in 
play fighting and play initiation. Males tended to play more 
frequently and initiated more play bouts than females. The 
main effect of sex fell just short of significance on the play 
frequency measure, presumably because of the wide range in 
play fighting frequency among test groups. However, within 
each group males engaged in proportionately more play fight- 
ing than females. 

Figure | illustrates reconstructions of two typical lesions. 
The lesion sustained by Rat A is representative of the extent 
of damage rated ‘*3’’ while the lesion in Rat B was given a 
score of ‘‘2.’’ Comparison of the extent of damage to the 
precommissural septum in males and females revealed no 
reliable sex difference. The mean rating for males was 
2.2+0.1 versus 2.1+0.2 for females. Damage to the 
postcommissural septum was somewhat more extensive in 
males than in females. Mean damage ratings on this measure 
were 2.0+0.1 and 1.3+0.2 respectively (U=93, p<0.01). 
Correlational analyses suggested weak positive relationships 
between the extent of damage to the postcommissural sep- 
tum and play fighting frequency, play initiation frequency 
and body weight on Day 44 in both sexes (r=0.28 to 0.47). 
Comparison of play fighting and play initiation among 
animals with complete bilateral destruction of the precom- 
missural septum and those with unilateral sparing of the lat- 
eral septal nucleus failed to reveal any reliable differences (F 
< 1.20). 


DISCUSSION 


Septal lesions produced comparable increases in play 
fighting in juvenile rats of both sexes. Although damage to 
the postcommissural septum was more extensive in males, 
the damge to the precommissural septum, where all of the 
lesions were centered, was comparable in the two sexes. 
Because most of the damage in both sexes was rostral to the 
anterior commissure it is unlikely that differences in the ex- 
tent of damage to the postcommissural septum alter the 
major conclusion: septal lesions appear to have equivalent 
effects on play fighting in juvenile males and females. 
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In adults rats septal lesions increase several measures of 
aggressive behavior including shock-elicited fighting [1,6] 
muricide [2,19] and pup killing [20]. Since the responses 
made by juvenile rats in play are morphologically similar to 
components of adult aggressive behavior, the present find- 
ings may indicate that the effects of septal lesions on agonis- 
tic behavior are similar in juveniles and adults. And while 
this interpretation may prove to be correct, it should be re- 
garded cautiously for several reasons: Intraspecific aggres- 
sion and mouse killing are most consistently increased by 
bilateral lesions of the lateral septum or the region ventrolat- 
eral to the anterior septum [2, 3, 21]. In the present study, 
play fighting was enhanced as much by lesions that spared 
large portions of the lateral septal region as by lesions that 
destroyed it bilaterally. Further, although the morphology of 
the behavioral responses of juvenile play fighting resembles 
that of adult agonistic responses, play differs from adult ag- 
gression in a number of important respects. For example, in 
play fighting encounters the establishment of dominant -sub- 
ordinate relationships is conspicuously absent and while be- 
havior is vigorous, potentially dangerous offensive re- 
sponses such as biting are inhibited or directed at less vul- 
nerable parts of the opponent’s body [4]. Furthermore, it is 
already clear that the control of play fighting by gonadal 
hormones is different from the regulation of adult aggression 
by the same hormones [5]. Finally, the behavioral test situa- 
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tions (e.g., shock-elicited fighting, mouse killing) in which 
adult rats with septal lesions appear to behave more aggres- 
sively than controls are quite different from the conditions 
employed in the present study with juveniles. This point is 
relevant because septal lesions do not invariably enhance 
aggressiveness, even in adult rats. In fact, in food competi- 
tion tests of social dominance septal lesions often lead to a 
loss of rank by the initially dominant animal ({8, 10, 19], but 
see [7]). Septal lesions also increase nonaggressive social 
contact in open field tests [12]. On the whole it appears that 
the effects of septal lesions on play fighting in juveniles may 
be unrelated to changes in adult aggressive behavior. 

While the present results imply that the septal area is 
involved in the regulation of play fighting in both sexes, the 
nature of its regulatory role as well as the physiological mech- 
anisms involved are quite unclear. At present all that can be 
said is that the effects of septal lesions on play are quite 
different from the effects of amygdaloid [16] and medial pre- 
optic area [14] lesions. 
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JOSEPH, J. A., R. E. QUILTER AND B. T. ENGEL. Changes in hippocampal rhythmic slow activity during instrumental 
cardiovascular conditioning in the monkey (Macaca mulatta). PHYSIOL. BEHAV. 28(4) 653-659, 1982.—Analyses of 4-8 
Hz electrical activity (RSA) of the mid-ventral hippocampus, motor activity (M), and blood pressure were carried out 
during experiments in which three monkeys were operantly conditioned to slow heart rate (HR), to speed HR or during 
control, no feedback (FB) periods. The results showed that RSA activity was greater during contingent HR (FB) slowing 
than during HR slowing noncontingent (FB) for all three animals. Motor activity tended to show small changes across 
conditions; however, it was higher during HR speeding and lower during HR slowing in two animals. There was no 
differential effect of FB on motor activity for any animal. Blood pressure changes were small and variable throughout 
conditioning. RSA changes tended to be highly consistent both early and late in conditioning. Results are discussed in terms 
of attentional and somatic factors that may be operative during instrumental cardiovascular conditioning 


Hippocampus RSA Primate Heart rate 


IN many previous reports it has been shown that several 
species of mammals (e.g., rat, dog, cat) exhibit characteristic 
patterns of rhythmic slow electrical activity (RSA) from the 
dorsal hippocampus while engaging in various behaviors. 
This electrical activity has been found to be related both to 
voluntary motor-behavior such as pushing a pedal or walking 
[8, 9, 31-36] and to orienting-attending behaviors, such as 
attending to a light which indicates the end of a DRL period 
[3]. However, the relationship between RSA and behavior is 
less clear in the subhuman primate. Earlier attempts to es- 
tablish such relationships failed to show systematic RSA 
changes during a variety of elicited behaviors in the monkey 
[13]. These behaviors entailed such tests as a grape reach in 
which the animal reached for a grape held by the experi- 
menter, and a prod test in which the experimenter charged 
the animal with a large metal rod to produce vigorous body 
movements (see [13], p. 192]. Recently Joseph and Engel 
[22] used similar behavioral tests in conjunction with sensi- 
tive automated methods for determining RSA. RSA-behav- 
ioral interactions were assessed when the monkey: (1) sat 
quietly, (2) reached for a pellet of laboratory chow held by 
the experimenter, (3) turned its head (‘‘looked’’) as the 
experimenter moved from the front to the rear of the booth, 


Conditioning 


(4) had its arms or legs securely held by the experimenter to 
produce a struggling response. 

Statistical evaluation of RSA measured from filtered, in- 
tegrated hippocampal activity was carried out for a large 
number (approximately 200) of trials during which these be- 
haviors were elicited. Spectral analyses of the unfiltered hip- 
pocampal activity also was carried out over 4 bandwidths 
(1-3, 48, 9-12, 13-20 Hz). In addition heart rate (HR) was 
measured since it has been shown [6,7] that increases in HR 
in the dog were directly related to increases in RSA and 
motor activity. The results showed that RSA was highest 
during the struggle condition which was characterized by the 
exhibition of vigorous somatomotor activity. Struggling be- 
havior also produced reliable increases in the 4-8 Hz activity 
as assessed by spectral analysis. No consistent differences 
were seen in spectral density among the behaviors in the 
other frequency bands studied. High, positive, statistically 
significant correlations were obtained between HR and RSA 
under all behavioral conditions. Thus, this study showed 
clear relationships between RSA, somatomotor activity, and 
HR. The present experiments were carried out in order 
to examine RSA-HR-somatomotor relationships further by 
using an instrumental conditioning procedure in which mon- 


‘Mail request for reprints to J. A. Joseph, Gerontology Research Center, Baltimore City Hospital, Baltimore, MD 21224. 
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keys were operantly trained to speed and slow their HRs [1, 
16, 17, 18]. This study was designed to answer two related 
questions about the RSA-HR-somatomotor relationships: (1) 
Over a range of somatomotor activity, do HR and RSA 
covary? (2) In the presence of minimal somatomotor activity 
do HR and RSA covary? That is, are there instances where 
RSA, somatomotor activity and HR do not covary, i.e., 
become uncoupled? If there are, it would suggest that RSA 
also was related to behaviors other than those involved in 
somatomotor activity. 


METHOD 
Subjects 


Subjects were three adolescent male monkeys (Macaca 
mulatta) weighing 3.5—5.0 kg at the time of entrance into the 
study. 


Surgery 

Two surgical procedures were carried out on each mon- 
key. In the first a polyethylene catheter was inserted into the 
abdominal aorta of each animal via the external iliac artery 
with the catheter tip placed distal to the renal arteries [18]. 
Following the operation the animals were maintained in Plex- 
iglas restraining chairs mounted in soundproof booths. The 
catheter was kept patent by a continuous infusion (1 ml/hr) 
of heparinized saline (20 U/ml). At least 8 weeks after the 
catheter implantation, bipolar electrodes were stereotaxically 
placed bilaterally in the midhippocampus and other sites as 
well (e.g., pyramidal tracts, caudate nuclei). In this paper only 
the results of the hippocampal recordings will be reported. The 
procedure together with the stereotaxic coordinates for the 
electrode sites have been described previously [22]. 


Instrumentation 


Heart rate was measured during these sessions by differ- 
entiating and electrically conditioning a blood pressure signal 
that had been detected by a Statham P23DB pressure trans- 
ducer. This signal was fed through devices interfaced with a 
Raytheon 704 computer which operated on-line to control 
experiments and to record HR on a beat to beat basis. Hip- 
pocampal EEG activity was filtered over the 4-8 Hz range 
(Khron-Hite® filter) [22], and then integrated with a Beck- 
man resetting integrator (9873B) coupler. The integrator out- 
put was interfaced with the computer which reset the inte- 
grator at the end of each heart beat, and recorded the 
changes in voltage for that period as percentages of full 
scale, i.e., 100% RSA. These changes were averaged at the 
end of each 128 second block and were transformed to % 
RSA/sec by multiplying by the number of heart beats/128 
sec. The calibration procedure for adjusting the integrator 
setting the gains on the filtered channel of the polygraph, and 
adjusting the pen deflection as well as the rationale for select- 
ing the 4-8 Hz bandwidth for RSA have been described pre- 
viously [22]. Somatomotor activity (M) was recorded by time 
sampled, visual observation of the animal made through a 
one-way window [19]. 


Training to Control HR 


A shock avoidance paradigm was used to train the ani- 
mals to control HR. Each animal sat facing 15 watt, red, 
white, and green lights mounted in a horizontal bank on the 
door of the booth. The red light was on continuously during 
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the training period when the animal was being conditioned to 
slow its heart, and the green light was on steadily during 
speeding conditioning sessions. Thus, these lights served as 
discriminative cues. Each training session was preceded by a 
512 sec baseline period during which no lights were on. This 
period will henceforth be referred to as the baseline period. 
Data were recorded during this period and compared to that 
obtained during the later training blocks. It was used primar- 
ily to set the 20 BPM ‘‘window”’ (see below) so that correct 
or incorrect performance could be assessed during the per- 
formance period. The performance period during which the 
lights functioned was 2048 sec. This period was continuous 
as far as the animal was concerned. However, within the 
computer the data were averaged every 128 sec so that it was 
possible not only to analyze overall performance during the 
entire training session, but also to analyze serial behavior 
during consecutive 128 sec blocks. 

The white light in the center of the booth remained on as 
long as the animal was performing correctly. If the animal 
performed incorrectly (see below), the light turned off, and 
the animal was in danger of receiving a 0.45 sec, 10 ma, 60 
Hz shock (reinforcement) to the tail delivered via annular 
sponge electrodes. The shock unit was controlled by a free 
running 8 sec counter. Therefore, when the white light went 
out, the animal could expect a shock in a variable period of 
0-7 sec and a shock every 8 sec thereafter unless HR was 
controlled to meet the reinforcement criterion, in which case 
the white light came on and the shock was suppressed. Since 
the system functioned on a beat-to-beat basis, if the animal 
failed to perform correctly during any pulse interval, it would 
be vulnerable to shock. If the performance contingency was 
HR slowing, the animal could avoid reinforcement by con- 
trolling its HR at baseline rate plus 20 BPM, and if the per- 
formance contingency was HR speeding the animal could 
avoid reinforcement by controlling its HR at baseline minus 
20 BPM. This 20 BPM ‘‘window”’ was set empirically to 
allow for variations in heart period such as those due to sinus 
arrhythmia. If an animal failed to control its HR and received 
more than 10 shocks within the immediately preceding 128 
sec block, the criterion was made 5 BPM easier. If the animal 
controlled its HR but stayed within the 20 BPM ‘‘window”’ 
and received no shocks within the immediate 128 sec block, 
the criterion was made 5 BPM more difficult. The latter ad- 
justment was made automatically within the computer and 
was designed to require the animal to speed (or to slow) 
its HR with respect to baseline HR. The former adjustment, 
which also was automatic, protected the animal from an ex- 
cessive number of shocks. 

In addition to these two types of sessions a third type of 
session was introduced during which the animal received no 
contingent information about its performance, i.e., neither 
lights nor shocks. The animal sat through a 512 second base- 
line period and a subsequent session equal in length to that of 
the slowing and speeding sessions. These were called no 
feedback (FB) sessions and they were interspersed between 
the contingent feedback sessions on alternate days once 
stable performance was achieved in animals 1 and 2 and 
immediately after *‘shaping’’ in animal 3 (see below). During 
each type of session motor activity (M) was measured for 10 
sec at the beginning of each 128 sec segment except for seg- 
ment 1. Behaviors consisted of counting each head and/or 
body movement during the 10 sec observation period. These 
movements were made by looking through a small viewing 
lens installed in the booth doors (see [19] for more detail on 
the validation of this procedure). 
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Sequence of Surgery, and Training for the Animals 


The sequence of training for each animals was carried out 
in 4 phases. In Phase I each animal (1-3) received 40 slow- 
training sessions (4/day; 20/week) immediately after being 
shaped to slow its HR. Phase II began immediately following 
these sessions. The animals were shaped to speed HR, and 
then given 40 speed training sessions (4/day; 20/week). In 
Phase III, animais were given 2 weeks of training during 
which speeding and slowing sessions were alternated (2 ses- 
sions of each; 4 sessions/day; 20 sessions/week). Finally, 
following a 2 week period of recovery from neurosurgery 
(animals 1-2), Phase IV was begun and the animals were 
given 6 weeks of alternation training. On alternate days two 
FB sessions were interspersed between the speeding and 
slowing sessions. Thus, during Phase IV each animal re- 
ceived 28 no feedback sessions, 46 slowing sessions and 46 
speeding sessions. In order to examine the relationship 
between RSA and HR during the early stages of learning, we 
also recorded RSA from animal 3 during Phases I-III. Thus, 
in this animal neurosurgery was carried out prior to Phase I. 
Additionally, FB sessions were interspersed with FB ses- 
sions throughout Phases I-III (20 sessions in Phases I; 20 
sessions in Phase II; 10 sessions in Phase III) as well as 
during Phase IV (28 sessions). For purposes of analysis in 
this animal, Phases I-III were defined as early training and 
Phase IV as late training. 


Histological Analysis 


Following testing, the recording sites were lesioned using 
an Rf lesion generator (25 mA/60 sec); the animal was given a 
lethal dose of sodium pentobarbital; and it was perfused 
intracardially with a 20% Formalin solution (2 liters). Follow- 
ing perfusion the brain was removed, gross sections were 
taken of the electrode sites, and these were blocked in paraf- 
fin, cut to 5 uw, stained with hematoxylin, and counterstained 
with eosin using a standard procedure developed by Experi- 
mental Pathology Laboratories (Herndon, VA). 


Data Analysis and Selection Criteria 


Difference scores were computed for each dependent var- 
iable, i.e., HR, RSA and M by subtracting the mean score for 
each 128 sec block (post-block) from the score of the imme- 
diately preceding 128 sec block (pre-block) with the follow- 
ing stipulations: (1) Average HR during the entire session 
had to be above baseline in the case of a contingent speeding 
session or below baseline in the case of a contingent slowing 
session. For example, if the baseline HR was 150 BPM and 
the average HR for the session was 140 BPM and it was a 
contingent slowing session, it would be used. However, if it 
were a contingent speeding session it would not be used 
since the animal was not performing successfully. (2) No 
block 1 data were used since M was not obtained for this 
block. (3) During contingent feedback sessions the animal 
had to be performing successfully on the post-block as well 
as the pre-block or the pre- and post-block pair were not 
analyzed. For example, if the HR during block 2 was 140 
BPM and the HR during block 3 was 136 BPM and the animal 
was being tested on contingent slowing, the pair would be 
used. However, if the animal was being tested in a contin- 
gent speeding session and these scores were obtained in 
these respective positions, the pair would not be analyzed 
because the animal was not performing successfully. The 
reason for only selecting blocks in which the animal was 


performing successfully was to try to maximize the proba- 
bility of obtaining RSA, since it had been reported in cats 
that RSA increased with successful performance [4,5]. The 
difference scores for the sessions were grouped according to 
4 criteria: (1) During speeding, blocks in which the animal 
increased its HR between <10 and >5 BPM were placed in 
the high criterion speeding category. (2) During speeding, 
blocks in which the animal increased its HR between <5 and 
>) BPM were placed in the low criterion speeding category. 
(3) During slowing, blocks in which the animal decreased its 
HR between <5, and >0 BPM were placed in the low crite- 
rion slowing condition. (4) During slowing blocks in which 
the animal decreased its HR between <10 and >5 BPM were 
placed in the high criterion slowing condition. Difference 
scores were grouped in a similar manner for the FB sessions. 
Two by two by two factorial analyses of variance were then 
carried out for each dependent measure for each animal with 
the factors being FB, FB; high criterion, low criterion; HR 
condition (speeding or slowing). With these selection criteria 
there was a maximum possible total of 1680 blocks per ani- 
mal during Phase IV, that is 46 slowing x 14 possible post 
blocks = 744 blocks; 46 speeding sessions (644 blocks) 28 FB 
sessions (392 blocks). Out of these possible numbers of 
blocks based on our selection criteria and experimental 
losses we analyzed the following: Animal 1—slowing 339 
blocks; speeding 240; FB 368 (divided into 185 slowing and 
183 speeding segments); animal 2—slowing 113; speeding 
143; FB 181 (109 slowing, 72 speeding segments); animal 
3—-slowing 255; speeding 248, FB 328 (180 slowing, 148 
speeding segments). 
Throughout the text, to avoid confusion, we will refer to 
absolute HR changes; however, we will designate them as 
increases (speeding) or decreases (slowing) in HR. 


RESULTS 


Initial examination of the training data showed that each 
animal was reliably altering its HR (i.e., slowing and speed- 
ing) under FB but not under FB conditions. For the sake of 
brevity and clarity, and since the overall performance during 
training is not of major interest here, these data will not be 
reported. The interested reader is referred to earlier reports 
which illustrate the patterns of cardiovascular changes dur- 
ing instrumental HR conditioning [16, 18, 21]. 


Pre- Post-Block Differenc es 


HR changes. The differences in HR between the slowing 
and speeding conditions were similar under FB and FB con- 
ditions (Fig. 1A). The FB by HR condition interactions for 
HR were not statistically different in two of the animals 
(animal 2, F<1; animal 3, F(1/823)=2.89, p >0.05). In animal 
1 the FB by HR condition was significant, F(1/939)=3.86, 
p<0.05; however, it can be seen that the HR differences for 
slowing and speeding between FB and FB are very similar 
for this animal as well. It appears that the statistical signifi- 
cance was the result of a combination of two factors: (1) low 
variability created by placing limits on the magnitude of the 
HR change (SD range 1.15—1.49 BPM); and (2) the very large 
number of blocks selected for these analyses. These factors 
also contributed to the significance of very small HR differ- 
ences between FB and FB conditions in animal |, i.e., slow 
FB =-—4.15, slow FB=—4.75, fast FB=4.60, fast FB=4.45. 

RSA changes. As can be seen from Fig. 1B, RSA was 
greater under contingent slowing than under non-contingent 
slowing. This factor contributed to statistically significant 





JOSEPH, QUILTER AND ENGEL 


A RHYTHMIC 
A HEARTRATE SLOW ACTIVITY A MOTOR ACTIVITY 


es 
‘ 








| 
> 
T T 


i 


A % RSA/SECOND 


= 


A MOVEMENT (X 10) 


| , 1 
_el 7S _g.cve HR SPEEDING 
—+HR SLOWING =~ 


—— “_ =“ © 11 —— —<—=— —— o—. om 
FB FB FB FB FB FB FB FB FB FB FB FB FB FB FB FB FB FB 
FIG. 1. Changes in HR (panel A), RSA (panel B) and M (panel C), between pre- and post-blocks under FB and FB during HR speeding and 


slowing. 





10 HIGH AND LOW CRITERIA SLOWING HIGH AND LOW CRITERIA SPEEDING 


- tH 2 a 4b a 2 as 


% RSA/SECOND 


° HIGH CRITERION 
*——~ LOW CRITERION 





— 


| Mie 
fB#si‘ér‘éi®BSSC«éré~®EB®OSRBB 





FIG. 2. RSA changes during high and low criteria HR slowing and speeding during FB and FB. HR 
slowing is shown in panel 1 and speeding is shown in panel 2. 
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FB by HR condition interactions seen in two of the animals 
(animal 1, F(1/929)=6.78, p<0.01; animal 2, F(1/429)=4.93, 
p<0.05). In animal 3 the FB by HR interaction approached 
significance, F(1/823)=3.58, p<0.055. Subsequent Duncan’s 
post tests showed that for animals | and 2 the RSA produced 
under the FB slow condition was significantly less than dur- 
ing the FB slow, FB fast, and FB fast conditions (p<0.05); 
but these last three conditions did not differ from each other. 
For animal 3, the FB slow and FB slow conditions did not 
differ (p >0.05, Duncan's test) from each other but both dif- 
fered from the fast conditions (p<0.05). 

Further analyses revealed that these RSA effects are a 
function of both the degree of HR slowing or speeding that 
the animal was exhibiting and the feedback condition. De- 
creases in RSA between the segment pairs during slowing 
were greatest under the high criterion (5<|HR|<10 BPM) 
FB condition (Fig. 2) relative to the other conditions. These 
factors contributed to the significant HR condition by crite- 
rion interactions seen for all three animals (animal 1, 
F(1/929)=6.0, p<0.05; animal 2, F(1/429)=3.99, p<0.05; 
animal 3, F(1/823)=48.41, p<0.001). Subsequent analyses 
using t-tests showed that the average RSA during high crite- 
rion FB was significantly different from the average RSA in 
the high criterion condition during FB for two animals (ani- 
mal 1, 1(70)=3.1, p<0.01; animal 2, 7(34)=2.12, p<0.05). In 
the third animal a similar trend was seen although the differ- 
ences between the feedback conditions were not statistically 
significant, 1(104)=0.98, p>0.05. 

In contrast to the findings for the slowing condition, anal- 
yses showed that under the high criterion HR speeding con- 
dition, RSA activity remained the same irrespective of the 
FB condition. These findings are illustrated in Fig. 2B. These 
differences in means between FB and FB for speeding under 
the high criterion were analyzed by t-tests which revealed 
that they were not significant for any animal (animal 1, 
1(30)=1.61; animal 2, #(51)=1.62; animal 3, 7(90)=0.41. In 
fact, in one of the three animals (animal 2) there were no 
differences in RSA between FB and FB conditions during 
the low criterion speeding segment as well (animal 1, 7(305)= 
1.97, p<0.05; animal 2, 1(16)=1.06, p>0O.05; animal 3, 
t(302)=2.09, p<0.05). 

To summarize, these findings show that: more RSA is 
seen during HR slowing under FB than under FB in seg- 
ments where the animal is exhibiting a high degree of HR 
slowing. 


Motor Activity Changes 


Changes in M are presented in Fig. 1, panel C. M was 
higher during HR speeding and lower during HR slowing in 
two of the animals (animals 2, 3), while animal 1 showed no 
difference between slowing and speeding. An analysis of var- 
iance revealed these changes to be significant for animal 2 
and animal 3 (animal 2, F(1/429)=12.30, p<0.01; animal 3, 
F(1/823)= 18.38, p<0.01). Motor activity changes during HR 
speeding and slowing were similar under both FB and FB 
conditions, making the FB by HR condition interaction sta- 
tistically nonsignificant in animals | and 2 (F<1). In animal 3 
this interaction was significant, F(1/823)=6.39, p<0.01, but 
the pattern of motor activity changes was not similar to that 
of RSA (compare right portions of panels B and C in Fig. 1). 


RSA, Motor Activity and HR During Early Training 


The RSA changes during early training (Phases I-III) of 
the HR response are given in Fig. 3 for animal 3. It can be 
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FIG. 3. RSA, HR and M changes during HR speeding and slowing 
under FB and FB for animal 2 


seen that even early in training more RSA was exhibited 
under the HR speeding condition than under HR slowing 
condition (compare left portion of Fig. 3 with right panel of 
Fig. 1A). An analysis of variance revealed these differences 
to be significant, F(1/632)=70.0, p<0.001. Figure 3 also 
shows that the trend for RSA under FB and FB slowing 
conditions was highly similar to that seen later in condition- 
ing; i.e., there was a tendency of more RSA to be produced 
under FB slowing than under FB slowing. However, the FB 
by HR condition interaction did not approach significance, 
F(1/632)=1.75, p>0.05. 

The analyses also showed that FB conditions had little 
differential effect on M during early HR speeding and slow- 
ing: The FB by HR condition interactions for M were not 
significant (F<1); moreover, there was no difference in M 
between the speeding and slowing conditions (p>0.05). 
These findings are illustrated in the far right portion of Fig. 3. 

With the selection criteria employed HR was essentially 
the same under FB and FB (Fig. 2, center portion) and the 
FB by HR condition interaction for HR was not significant, 
F(1/623)=1.17, p>0.05. 

In summary, comparisons of the differences between 
early and late training suggest that: (1) The RSA differences 
between HR slowing and HR speeding emerged early in 
training. (2) There was a tendency for RSA differences be- 
tween FB and FB during slowing training to emerge early in 
conditioning. (3) The differences in motor activity between 
slowing and speeding appear late in training but not early in 
training. Thus, there is a dissociation between M and RSA 
early in training. 





Histology 


Histological analysis of the electrode locations for ani- 
mals 1 and 2 have been reported previously [22]. The sites 
were in the CAI region of the hippocampus. Animal 3’s hip- 
pocampal electrode placements also were located in the CAI 
region. 


DISCUSSION 


The results of this experiment can be summarized as fol- 
lows: (1) As in a previous report [22] we have shown that by 
employing the technique of bandpass filtering of hippocam- 
pal EEG in conjunction with long (128 sec) observation 
periods, and statistical analysis procedures it is possible to 
obtain systematic relationships between hippocampal RSA 
and behavior in the primate. (2) Reliable HR conditioning 
was achieved in all animals. (3) RSA was consistently greater 
during contingent HR slowing than during non-contingent 
HR slowing, especially when the HR decreases were <5 
BPM. (4) Motor responses were greater during contingent 
and non-contingent HR speeding and were lower during 
contingent and non-contingent HR slowing for animals 2 and 
3. In animal | the motor responses were similar to one an- 
other during slowing and speeding, but the RSA responses 
were different (and were similar to those of animals 2 and 3). 
(5) The FB dimensions had very consistent effects on RSA 
across all animals, but their effects were inconsistent on M. 

In the introduction two questions regarding RSA and HR 
changes were asked: (1) Over a range of somatomotor activ- 
ity, do HR and RSA covary? (2) In the presence of minimal 
activity do HR and RSA covary? 

It is clear that the answer to question | is yes; and the 
answer to question 2 is no: RSA was higher during contin- 
gent and non-contingent speeding than during contingent and 
non-contingent slowing for animal 3 but not for animals 1 and 
2 (question 1); but it was higher during contingent HR slow- 
ing than it was during non-contingent HR slowing (question 
2) for all three animals. The selection procedures utilized 
essentially equated HR between FB and FB, and allowed an 
analysis between EEG and other variables, such as attention 
to a discriminative stimulus, to be made. The paradigm of the 
present study is similar to that used in two experiments de- 
signed to study attentional behavior and RSA during per- 
formance on a cued DRL task in cats [4,5]. The principle 
finding of these studies was that there were large increases in 
RSA during the cued DRL tasks as compared to the non- 
cued DRL tasks. In the present experiments, the slow FB 
condition can be compared to the cued DRL task since the 
animals generally reduced somatomotor activity while at- 
tending to the cue lights, and RSA levels remained high. 
Conversely in the FB slow condition the animals lowered 
general activity and received no information from cue lights 
(non-cued DRL) so RSA was minimized and this electrical 
activity declined. We postulate, as have Bennett and his 
co-workers [3, 4, 5] that at least one component of RSA may 
reflect differential attention in these tasks. In this regard it is 
interesting to note that Crowne and Radcliffe [13] reported 
bursts of RSA in the monkey during extinction of an appeti- 
tive response (panel press for food). They postulated that the 
hippocampus performs a calculation of changes in stimulus 
events which at the simplest level may involve shifts in at- 
tention to a changing discriminative stimulus. 
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Findings from this experiment also suggest that while 
there is a strong attentional component to RSA in the mon- 
key there appears to be a somatic component as well; in two 
of the animals overall somatic activity was elevated during 
both FB and FB speeding and was reduced under contingent 
and non-contingent slowing. In these animals the patterns of 
RSA changes were similar to the patterns of changes in 
somatomotor activity. We suggest that the attentional com- 
ponent of RSA is masked by the somatic component during 
HR speeding, but during contingent FB, HR slowing the 
attentional component becomes unmasked and declines in 
RSA are not seen. Another possibility is that there may be 
more than one form of hippocampal RSA in the monkey as 
has been found in other species (rats, rabbits and mice [29]). 
For example, Vanderwolf and his colleagues [35] have 
shown that one type of RSA appears in the rabbit if the 
animal performs a behavior that is associated with move- 
ments that are ‘‘voluntary”’ such as walking, running, strug- 
gling, or upper body movements. The RSA associated with 
these behaviors is high frequenty (>7 Hz) and is not sensi- 
tive to peripheral administration of atropine sulfate. A sec- 
ond type of RSA occurs during periods of behaviors that are 
reflexive, consummatory or automatic such as licking, chewing 
or even immobility. RSA during these periods is character- 
ized by lower frequency bursts (5-7 Hz) that are eliminated 
by the administration of atropine sulfate. While the analysis 
of the possible forms of RSA associated with different 
somatomotor behaviors remains to be done in the monkey, it 
is important to remember that no differences in movement 
were seen between FB and FB slowing, but differences in 
RSA were seen. A more likely explanation of our results is 
that some cue present under the FB but not FB slowing 
condition was associated with greater RSA. One other pos- 
sibility is that there are attentional differences as a function 
of level of performance and that these are reflected in 
changes in RSA. This interpretation is supported by Bennett 
et al. [5] who showed that greater RSA was associated with 
interresponse periods that were terminated by correct re- 
sponding. It also is supported by the present data since we 
found that the RSA differences between the feedback condi- 
tions occurred during periods when HR was the lowest (i.e., 
the high criterion condition). This may also be the condition 
in which the monkey attends most closely to the cue light 
although we have no data to confirm this speculation. In any 
case, it appears that a dual role may exist for the hippocam- 
pus in the monkey, and that RSA may reflect both somato- 
motor and attentional components of this role. If this is true 
then an important question becomes: Could RSA give infor- 
mation about the contributions that attentional or somatic 
components are making during instrumental HR condition- 
ing to mediate the HR changes? It is well established that 
there are close functional central nervous system connec- 
tions between cardiovascular control centers and somato- 
motor control centers [30,33]. However, the question of 
whether skeletal mediation of the conditioned cardiovascular 
changes operates solely and at all time during conditioning 
[11, 25, 26] has yet to be specified. There have been numerous 
instances in many experiments in which cardiovascular and 
somatic activity have been uncoupled [1, 2, 7, 10, 12, 14, 15, 18, 
19, 20, 23, 27, 28]. This suggests that the relationship between 
somatomotor and cardiovascular activity is highly dependent 
upon the experimental conditions, and that nonmotor compo- 
nents such as attention [24] may be operating as well. 
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FRANK, R. A. AND R. M. STUTZ. Behavioral changes induced by basolateral amygdala self-stimulation. PHYSIOL. 
BEHAV. 28(4) 661-665, 1982.—Rats given continuous access to rewarding stimulation of the posterior hypothalamus are 
able to maintain normal food and water intake despite high rates of self-stimulation. However, access to rewarding 
stimulation of the basolateral amygdala produced suppression of feeding and drinking followed by dramatic increases in 
emotionality and subsequent decreases in self-stimulation. These findings are considered with regard to the existing 
literature on basolateral amygdaloid lesions and stimulation. 


Basolateral amygdala Self-stimulation Feeding 


FACED with a series of choices between conventional rein- 
forcers (e.g., food and water) vs reinforcing electrical stimu- 
lation of the brain (RESB), animals implanted with certain 
hypothalamic or tegmental electrodes self-deprive, even to 
the point of death [18,20]. Most of these competition experi- 
ments involved daily short test sessions (30-60 min). We 
recently retested some animals with hypothalamic electrodes 
who had self-deprived in the short term test [5]. When these 
rats were allowed 24 hrs of continuous and simultaneous 
access to food, water and RESB, they were able to meet 
homeostatic demands by alternating among the available in- 
centives. Consistent with previous findings [1, 14, 17, 21, 22, 
23], we interpreted this result as evidence that RESB does 
not compete with food or water by substituting for these 
conventional reinforcers. 

In the present experiment, we investigated the effects of 
extended access to basolateral amygdala (ABL) self- 
stimulation on food and water intake in the competition 
situation. ABL stimulation has been shown to reduce food 
intake [19,25] while lesions produce hyperphagia [3,8]. In 
addition, this nuclear group has been implicated in the de- 
velopment of conditioned taste aversions and neophobias [6, 
9, 11]. Therefore, we wished to compare food and water 
intake among animals who had continuous access to either 
posterior hypothalamic/medial forebrain bundle (PH/MFB) 
or ABL RESB. 


METHOD 
Subjects 
Forty Sprague-Dawley rats (Blue Spruce Farm, Allta- 
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mont, NY) weighing between 300-400 g, were used as sub- 
jects. Ambient illumination followed a 12 hr light/dark cycle 
in the main colony room while a low level of constant illumi- 
nation was maintained in the testing room. Subjects had 
continuous access to food (Ralston-Purina Lab Chow) and 
water except when they were deprived of food for 24 hrs 
prior to being trained to lever press in the test chambers. 


Surgery 

Subjects were implanted with bipolar stimulating elec- 
trodes (Plastic Products Company, MS-303-.018-.312-.010, 
electrode diameter 0.020 inch) while anesthetized with 
sodium pentobarbital (45 mg/kg IP). Electrodes were aimed 
at the basolateral nucleus of the amygdala using the follow- 
ing coordinates: 0.4 mm posterior to bregma, 4.6 mm lateral 
from the midline and 8.6 mm below the skull surface (flat- 
skull). 


Apparatus 

Subjects were screened for self-stimulation in metal and 
Plexiglas chambers measuring 23 cmx21 cmx19 cm. Each 
chamber was fitted with a metal lever with a microswitch 
(Scientific Prototype) mounted approximately 5.0 cm above 
a floor constructed of aluminum rods spaced about 1.0 cm 
apart. Brain stimulation was produced via constant current 
60 Hz sine waves with train durations of 300 msec timed by 
Hunter Interval timers. Mercury swivel commutators (Sci- 
entific Prototype) and bipolar electrode leads (Plastic Prod- 
ucts Company, Model MS303/1) allowed the animal to be 
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connected to the stimulation circuit. The continuous access 
apparatus was identical to the equipment used for the self- 
stimulation screenings except that an additional metal lever 
protruded through a wall of the chamber opposite the wall on 
which the self-stimulation lever was mounted. Responses on 
this lever resulted in the delivery of 45 mg Noyes food pellets 
from a pellet dispenser (Scientific Prototype). A calibrated 
drinking tube protruded through a third wall. This drinking 
tube was connected to a lickometer circuit. Responses for 
food and RESB were continuously recorded by a system of 
electromechanical counters. A 20 pen Esterline-Angus event 
recorder provided a graphic display of the temporal distribu- 
tion of lever pressing (for food and RESB) and lickometer 
contacts (for water). 


Procedure 

Animals were shaped to lever press for RESB during two 
30 min screening sessions. Due to the limited number of test 
chambers, only the 10 best self-stimulators (as defined by 
lever pressing rates) were retained for further testing. Reli- 
able self-stimulation was maintained in these animals at cur- 
rent intensities ranging from 20-35 wA. Following additional 
self-stimulation sessions, these animals were placed on a 24 
hr food deprivation schedule and trained to obtain food (45 
mg Noyes pellets) by pressing the food lever. Calibrated 
drinking tubes provided free access to water during this 
training period. Lever presses on the RESB lever had no 
consequence. Subjects were given access to food and water 
for two days in order to obtain baseline measures of intake. 
On the third day, the self-stimulation lever was activated and 
subjects were allowed to select among the three response 
alternatives. Subjects remained in the chamber continuously 
for up to three days of food, RESB and water competition. 
Total responding for the three incentives was recorded every 
24 hr. The event recorder ran continuously throughout the 
baseline and competition phases. 

Following the competition testing, subjects were given a 
final self-stimulation test prior to being sacrificed for his- 
tological verification of electrode sites. Following the com- 
pletion of the experiment, animals were sacrificed with an 
overdose of sodium pentobarbital and perfused through the 
heart with a formal-saline solution. Brains were sectioned 
using the frozen method to determine the locations of the 
electrode tips. 

The data collected from the event recorder were scored as 
follows. The total time per hour that each animal responded 
for RESB, food and water was measured to the nearest mm. 
These data were then transformed into temporal measures 
based on the rate at which the paper was fed through the 
event recorder. If responding for a particular incentive oc- 
curred once every 5 sec it was considered continuous re- 
sponding throughout the period between responses. Each 
response that occurred singly (i.e., more than 5 sec between 
a single lever press or lick and any similar response) was 
scored as taking 3 sec. Since responding for RESB, food and 
water tended to occur in bouts, there were few single scores. 
The total time spent responding for each incentive was calcu- 
lated and divided by total time to yield percent time per hour 
responding. 


RESULTS 


Histological examination revealed six animals with elec- 
trode tips in the basolateral nucleus of the amygdala. Other 
animals had electrodes embedded in the central amygdaloid 
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TABLE 1 


PERCENT OF BASELINE FOOD, WATER AND SELF-STIMULATION 
IN THE PH/MFB AND ABL GROUPS DURING 
THE COMPETITION PERIODS 





PH/MFB ABL 
Day | Day 2 Day | Day 2 





Food 64 103 16* 70 
Water 102 119 yk ag 
SS — 64 — 
n 5 5 6 





Correlated t-tests were performed on the raw data, not percent- 
ages of baseline. All these tests are two-tailed. The self-stimulation 
data uses competition day one as a baseline. The calculations made 
on the food data were adjusted (for food delivered but not con- 
sumed) to yield food pellets eaten. 

*p<0.01. 


nucleus, lateral amygdaloid nucleus and on the border of the 
globus pallidus and caudate. The histology of one animal was 
accidentally destroyed. Only data from animals whose elec- 
trode tips were found to be in the ABL (n=6) are analyzed 
below. 

The pattern of consummatory responses and self- 
stimulation observed in the ABL subjects differed substan- 
tially from that reported for subjects with electrodes im- 
planted in the PH/MFB. For purposes of comparison, we 
have included data from a previous experiment [5] in which 
PH/MFB subjects were exposed to the same experimental 
procedure described above. 

While the five PH/MFB animals self-stimulated at ex- 
tremely high rates (Mean=52,449 responses/24 hr), the ABL 
self-stimulation rates averaged only 5,231 responses/24 hr. 
PH/MFB rats were never observed to have overt seizures. 
Short duration (1-2 min) seizures were observed within 
minutes of the first self-stimulation session in all the ABL 
subjects. These convulsions declined in frequency such that 
none were observed by the final day of testing in the con- 
tinuous access phase of the experiment. 

Percent food and water intake, relative to the Day 2 
baseline, are shown in Table 1. After 24 hr of competition 
between food, water, and RESB, PH/MFB subjects had re- 
duced food intake by 36%. Analysis of the event-recorder 
data revealed that this reduction reflected an initial tendency 
to exclusively self-stimulate, particularly in one animal who 
went 26 hr without feeding. However, once the animal began 
to eat, he did so at baseline levels. As can be seen in Table 1, 
feeding had returned to baseline by the second competition 
day. Water intake was not significantly altered in the 
PH/MFB subjects. By contrast, ABL animals significantly 
reduced food intake on the first competition day. Subjects 
who showed the most severe reductions in food intake were 
retested for two additional days in the competition condition. 
As can be seen in Table 1, animals began to recover their 
normal feeding patterns by Day 2 of testing and were back to 
96% of baseline by Day 3. It is evident that ABL self- 
stimulation is more effective than PH/MFB self-stimulation 
in reducing food intake during the first competition day in 
this paradigm. This finding is particularly interesting in light 
of the fact that self-stimulation rates in the PH/MFB group 
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FIG. 1. Cumulative percent time responding for food in a represen- 
tative PH/MFB and ABL animal during the first day of competition 
testing. *‘With SS”’ refers to the time feeding during the RESB, food 
and water competition period. **Without SS”’ refers to the baseline 
period. 


averaged ten times those in the ABL group. Water intake 
was also significantly reduced on the first competition day in 
the ABL group, but then was significantly increased for 
animals run for the second and third days. 

Although self-stimulation rates were reduced in the 
PH/MFB group on day 2 (Mean=33,569 lever presses/24 hr), 
the rates were not significantly different from day 1. The 
ABL rats reduced self-stimulation rates by 97% on competi- 
tion days 2 and 3 (as compared to competition day 1), averag- 
ing only 209 lever presses during the 24 hr test periods. 
These reductions in rate were statistically reliable (Day 2: 
1(4)=4.02, p<0.01; Day 3: 1(3)=27.9, p<0.01). In self- 
stimulation testing which followed the competition sessions, 
PH/MFB animals continued to leverpress at a high rate 
(Mean=850 presses/30 min) while all ABL animals except 
one had dramatically reduced lever pressing (Mean=4 
presses/30 min for five of the animals, while one animal had 
225 presses/30 min). Thus, the PH/MFB and ABL groups 
showed different patterns of food and water intake and 
self-stimulation during the competition periods. 

Figures | and 2 compare the pattern of responding for 
RESB, food and water for the first 24 hr of competition in a 
representative ABL and PH/MFB animal. The data shown 
were collected on the event recorder and scored for percent 
time responding for each incentive. As can be seen, the 
PH/MFB rat shows an initial suppression of feeding (due to a 
period of exclusive self-stimulation) but then begins to eat 
normally. A similar suppression of drinking occurred early in 
the competition session but the cumulative % time spent 
drinking eventually exceeded that observed during the 
baseline period. This increased drinking is not surprising 
given the great energy expenditure of this animal due to lever 
pressing for RESB (91,702 presses/24 hr). Despite a much 
lower rate of self-stimulation in the ABL rat (8,4414 
presses/24 hr), notice the substantial reduction in percent 
time responding for food and water. The ABL animal shown 
in Fig 1 exhibited bursts of self-stimulation followed by sev- 
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FIG. 2. Cumulative percent time responding for water in a represen- 
tative PH/MFB and ABL animal during the first day of competition 
testing. ‘With SS” refers to the time drinking during the RESB, 
food and water competition period. ‘‘Without SS”’ refers to the 
baseline period. 


eral minutes of inactivity. Responses for food and water did 
not follow the typical pattern of bursts of responding which 
was observed during the baseline periods. Instead, only oc- 
casional food and water responses occurred either during 
short breaks from self-stimulation or in the periods of inac- 
tivity after the long bouts with RESB. The ABL subject 
whose data are displayed in Fig. 1 showed the peculiar tend- 
ency to press the food lever but not eat what was delivered. 
This strange behavior was observed in five of the six ABL 
rats. In these animals, lever presses for food were reduced 
by 24% but actual food intake was reduced by 96%! These 
subjects were observed to break away from the RESB lever, 
respond for food (but not eat it), and then return to self- 
stimulate. The lever presses on the food lever were well 
coordinated and showed no indications of being seizure in- 
duced. By the end of the first 24 hr session, a large pile of 
food had accumulated under the food cup. This sort of be- 
havior was never observed in the PH/MFB subjects. 

To summarize the data presented in Table | and Fig. 1, 
PH/MEFB subjects self-stimulate intensely and continuously 
during the initial stages of competition. When they do begin 
to eat and drink, the behavior pattern is characterized by 
brief interruptions of self-stimulation during which animals 
eat and drink enough to maintain normal body weight. Thus, 
it appears that the high rate of self-stimulation did not inter- 
fere with normal homeostatic mechanisms. ABL subjects, 
however, self-stimulated at the expense of drastic reductions 
in food and water intake during the first 24 hr of the competi- 
tion testing. Following this period of self-deprivation, sub- 
jects abandoned the RESB lever and began to eat and drink, 
never returning to the original rates of self-stimulation. 

PH/MFB subjects were also distinguishable from ABL 
animals in terms of their general behavior. PH/MFB subjects 
were easily handled and relatively calm following the con- 
tinuous access period while ABL rats were incredibly ag- 
gressive at this time. Their behavior was remarkably similar 
to that described by Grossman [7] following cholinergic 





stimulation of the ABL. The animals (with the exception of 
one) showed explosive startle responses upon being touched 
or when a loud noise (e.g., hand clap) occurred. These 
animals vocalized (squealed or hissed) whenever an attempt 
was made to capture or lift them, and when finally grasped, 
they launched a vicious attack on the offending hand. The 
ABL rats groomed excessively and ground their teeth almost 
constantly. They had also completely chewed off the nails on 
their rear feet. The increase in emotionality appeared to be 
permanent since the ABL animals were still hyperemotional 
at the time of sacrifice, 7 weeks after the continuous access 
periods had ended. However, the other effects of the stimu- 
lation disappeared in the week following the continuous ac- 
cess period. The notable behavioral difference between 
Grossman’s [7] animals and those in our study was that our 
ABL rats never showed spontaneous motor seizures follow- 
ing the long term access to ABL RESB. Rather than increas- 
ing the frequency of stimulation induced seizures, the 
chronic access to ABL self-stimulation seemed to abolish the 
ability of the stimulation to produce overt seizures. This find- 
ing is consistent with our failure to observe seizures during 
the continuous access sessions after the initial moments of 
testing. The result is opposite to that found when spaced 
trials of brain stimulation are administered over many days 
(e.g., kindling [15]). 

Unlike the other five animals, one animal (with the elec- 
trode tip located in the ventral-lateral aspect of the ABL) did 
not become hyperemotional following the competition ses- 
sions. Although this rat did reduce food intake by 24% during 
the first day of competiton testing, he ate all the food that 
was delivered. In addition, the animal showed no reduction 
in self-stimulation during the self-stimulation retest and 
showed overt motor seizures in response to electrical stimu- 
lation during the retest. Neither of these behaviors were ob- 
served in the other five animals. The behavior exhibited by 
the five animals demonstrating similar responses to the 
competition test periods has been emphasized in this report. 

Finally, it should be noted that no clear pattern of results 
emerged from the four subjects with electrodes embedded in 
structures adjoining the ABL. In general, their behavior may 
be described as falling between that of the PH/MFB and 
ABL animals. 


DISCUSSION 

Unlike PH/MFB self-stimulation, chronic access to 
RESB of the ABL produces a constellation of transitory and 
permanent behavioral changes that may be referred to as the 
Basolateral Amygdaloid Stimulation Syndrome. The main 
components of this syndrome are: (a) disruption of normal 
feeding and drinking when ABL self-stimulation rates are 
highest; (b) when feeding is disrupted, animals press the food 
lever but do not eat the food delivered; (c) the drastic reduc- 
tion of self-stimulation by long term access to RESB of the 
ABL; (d) the elimination of overt motor seizures after 
chronic ABL stimulation; (e) an apparently permanent in- 
crease in emotionality following the RESB, food and water 
competition periods. None of these effects were observed in 
PH/MFB animals subjected to the same regimen. 

It is well established that long trains of low intensity ABL 
stimulation can reduce feeding [3, 4, 8, 19] and that some of 
these sites support self-stimulation [24,25]. Our research 
suggests that ABL self-stimulation and the maintenance of 
normal appetitive behavior are mutually exclusive. Unlike 
PH/MFB self-stimulation, ABL self-stimulation appears to 
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produce neural activity that disrupts appetitive behavior. 
Several hypotheses have been offered as explanations for the 
disruptive effects. 

Fonberg [3] suggested that the effects of ABL stimulation 
on feeding may be ‘‘due to interference with some positive 
emotional state, connected with reward mechanisms’’ ({3], 
p. 279). If this is the case, it suggests that the reward mech- 
anisms involved are not identical to those activated by 
PH/MFB stimulation since the hypothalamic RESB did not 
suppress feeding. It is also possible that the ABL stimulation 
induced freezing or some sort of arrest reaction, possibly due 
to a high state of fear. The fact that the ABL animals were 
hyperemotional seems to lend support to this notion. How- 
ever, at variance with this hypothesis is the “‘lever 
pressing-without-eating’’ phenomenon. If the ABL stimula- 
tion produced a state of fear, one might expect subjects to 
freeze rather than lever press (as in the CER and open field 
paradigms). In addition, it should be noted that the effects of 
the ABL stimulation on appetitive behavior were temporary 
while the changes in emotionality were long lasting. This 
finding indicates that the appetitive and emotional aspects of 
the syndrome are at least partially independent. 

Phillips and LePaine [11,12] have demonstrated that ABL 
stimulation produces perceptual effects that act as if it added 
a ‘‘flavor’’ to water or saccharin solutions. It has also been 
found that ABL self-stimulation paired with LiCl poisoning 
resulted in significant reductions in lever pressing for ABL 
RESB [13]. Electrodes implanted in the substantia nigra do 
not produce this effect [13], nor did we obtain the effect with 
PH/MFB placements (unpublished observations). Since 
there is olfactory and gustatory input to the amygdala 
[10.16], the reduction in appetitive behavior that accom- 
panies ABL self-stimulation may arise due to a change in the 
smell or taste of the food and water. It has been shown that 
ABL stimulation interferes with discrimination of taste solu- 
tions previously paired with poisoning as well as the uncon- 
ditioned, aversive taste of quinine [2]. Furthermore, amyg- 
dala lesions and seizures interfere with the acquisition of 
conditioned taste aversions [6,9]. Early work with cats [4] 
demonstrated that ABL stimulation applied during lever 
pressing for meat resulted in an immediate rejection of the 
meat, but not of fish. When fish was paired with the stimula- 
tion, fish was also rejected. Furthermore, a buzzer that pre- 
ceded the pairing of ABL stimulation and the meat came to 
suppress lever pressing, and this suppression extinguished 
once the pairings of meat and ABL stimulation had ceased. 

If the smell or the taste of the appetitive rewards is 
changed by ABL stimulation, this change apparently makes 
the food and water unpalatable since food and water intake is 
reduced. One possibility is that the ‘‘flavor’’ added by the 
ABL is unpleasant. In order for this explanation to be plaus- 
ible (a) the effects of the ABL stimulation must outlast the 
period of actual stimulation (such that animals who have 
turned to the food lever after self-stimulating will find the 
food has an ‘‘amygdala aftertaste’’ and (b) pairing ABL 
stimulation with a taste must produce a conditioning effect 
and consequently an aversion to that taste. Some data exist 
that support this position. Several reports have been made 
that indicate that the effects of ABL stimulation outlast the 
period of actual stimulation [2, 3, 4, 24]. In addition, Fonberg 
and Delgado [4] showed that food paired with ABL stimula- 
tion was rejected, but not other food. Perhaps the ‘‘lever- 
pressing-without-eating’»> phenomenon observed in this 
study can be explained as an approach-avoidance response 
resulting from increasing hunger coupled with unpalatable 
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food. However, it should be pointed out that contrary to the 
predictions of this model, rats licking a water tube for a 
saccharin solution in a situation where each lick produces a 
pulse of ABL stimulation do not show decreases in saccharin 
intake [12]. 

Weingarten and White [24] have proposed that ABL 
stimulation produces exploratory behavior that usually oc- 
curs in response to novelty. Feeding and drinking are re- 
duced because of the intrusion of exploration. The incidence 
of rearing, sniffing, and other behaviors associated with 
exploration all appeared normal for the animals in this exper- 
iment. However, it is interesting to note that Weingarten and 
White [24] found that ABL stimulation became progressively 
less effective in suppressing feeding over successive days of 
stimulation, an effect also noted in this study. This may rep- 
resent the gradual reduction of a neophobic response rather 
than a decrease in the efficacy of the stimulation. It has been 
demonstrated that ABL lesions produce a reduction in 
neophobic responses [9]. Animals may not eat and drink due 
to a neophobic response that is diminished over time. 

In addition to the transitory behavioral changes discussed 
above, the extended access to ABL self-stimulation 
produced long term changes in the emotional status of the 
animals and in the apparent reward value of the brain stimu- 
lation. Since histological examinations revealed no gross pa- 
thology in any of the animals, it is possible that chronic 


access to ABL stimulation produces permanent functional 
neurophysiological changes. Similar changes in emotionality 
after amygdala stimulation have been noted by other re- 
searchers. Grossman [7] observed permanent changes in the 
emotionality and electrical brain activity after cholinergic 
stimulation of the amygdala. Pinel, Treit and Rovner [15] 
used a kindling procedure to induce epileptic foci in the 
amygdala and found increases in the aggressiveness of rats. 
In both of these studies, spontaneous overt motor seizures 
eventually developed. As noted above, five of the six 
animals never showed any overt seizure activity (in response 
to electrical stimulation or spontaneously) after the continu- 
ous access to ABL RESB, and the exceptional animal was 
anomalous in a number of other respects. During future in- 
vestigations of this phenomenon, extensive recording of 
electrical brain activity should be incorporated in order to 
determine if long term access to ABL self-stimulation in- 
duces electroencephalographic changes similar to those seen 
in the Grossman [7] and Pinel ef a/. [15] studies. 

A major purpose of this report is to describe a dramatic 
series of behavioral changes associated with rewarding ABL 
stimulation. An understanding of the factors involved in the 
emergence of the Basolateral Amygdaloid Stimulation Syn- 
drome may clarify the role of this temporal lobe nucleus in 
the regulation of motivational and emotional behavior in the 
rat. 


REFERENCES 


1. Annau, Z., R. Heffner and G. F. Koob. Electrical self- 
stimulation of single and multiple loci: Long term observations. 
Physiol. Behav. 13: 281-290, 1974. 

. Brozek, G., B. Siegfried, V. M. Klimenko and J. Bures. Lick 


triggered intracranial stimulation interferes with retrieval of 


conditioned taste aversion. Physiol. Behav. 23: 625-631, 1979. 
. Fonberg, E. The role of the amygdaloid nucleus in animal be- 
havior. Prog. Brain Res. 22: 273-281, 1968. 
. Fonberg, E. and J. M. R. Delgado. Avoidance and alimentary 
reactions during amygdala stimulation. J. Neurophysiol. 24: 
651-664, 1961. 


. Frank, R. A., W. S. Pritchard and R. M. Stutz. Failure of 


limited-access self-depriving rats to self-deprive in a continuous 
access paradigm. Paper presented at 17th Annual Meeting of the 
Southern Society for Philosophy and Psychology, Louisville, 
KY, 1981. 

. Gaston, K. E. Brain mechanisms of conditioned taste aversion 
learning: A review of the literature. Physiol. Psychol. 6: 340- 
353, 1978. 

. Grossman, P. Chemically induced epileptiform seizures in the 
cat. Science 142: 409-410, 1963. 

. Kaada, B. R. Stimulation and regional ablation of the amyg- 
daloid complex with reference to functional representations. In: 
The Neurobiology of the Amygdala, edited by B. Eleftheriou. 
New York: Plenum Press, 1972, 206-281. 

. Nachman, M. and H. J. Ashe. Effects of basolateral amygdala 
lesions on neophobia, learned taste aversions and sodium appe- 
tite in rats. J. comp. physiol. Psychol. 87: 622-643, 1974. 

. Norgren, R. Taste pathways to hypothalamus and amygdala. J. 
comp. Neurol. 166: 17-30, 1976. 

. Phillips, A. G. and F. G. LePaine. Electrical stimulation of the 
amygdala as a conditioned stimulus in the _ bait-shyness 
paradigm. Science 201: 536-538, 1978. 

. Phillips, A. G. and F. G. LePaine. Disruption of conditioned 
taste aversion in the rat by stimulation of amygdala: A condi- 
tioning effect not amnesia. J. comp. physiol. Psychol. 94: 664— 
687, 1980. 


13. Phillips, A. G. and A. C. McDonald. Conditioned aversion to 
brain-stimulation reward: Effects of electrode placement and 
prior experience. Brain Res. 170: 523-531, 1979 

14. Phillips, A. G., C. W. Morgan and G. J. Mogenson. Changes in 
self-stimulation preference as a function of incentive of alterna- 
tive rewards. Can. J. Psychol. 24: 289-297, 1970 

. Pinel, J. P. J., D. Treit and L. I. Rovner. Temporal lobe aggres- 
sion in rats. Science 197: 1088-1089, 1977 

. Richardson, J. S. The amygdala: Historical and functional 
analysis. Acta Neurobiol. Exp. 33: 623-648, 1973 

. Rossi, R. R. and R. M. Stutz. The self-deprivation phenom- 
enon: Competition between appetitive rewards and electrical 
stimulation of the brain. Physiol. Psychol. 6: 204-208, 1978. 

. Routtenberg, A. and J. Lindy. Effects of the availability of re- 
warding septal and hypothalamic stimulation on bar pressing for 
food under conditions of deprivation. J. comp. physiol. Psychol 
60: 158-161, 1965 

. Schneidner, K. and D. Novin. The effects of stimulation of the 
amygdala on food and water intake in rabbits. Physiol. Psychol 
6: 61-64, 1978. 

. Spies, G. Food versus intracranial self-stimulation reinforce 
ment in food-deprived rats. J. comp. physiol. Psychol. 60: 153 
157, 1965. 

. Stutz, R. M., R. R. Rossi and A. M. Bowring. Competition 
between food and rewarding brain shock. Physiol. Behav. 7: 
753-757, 1971. 

. Terman, M. and J. S. Terman. Circadian rhythm of brain self. 
stimulation behavior. Science 168: 1242-1244, 1970. 

. Valenstein, E. S. and B. Beer. Continuous opportunity for rein- 
forcing brain stimulation. J. exp. Analysis Behav. 1: 183-184, 
1964. 

. Weingarten, H. and N. White. Exploration evoked by electrical 
stimulation of the amygdala of rats. Physiol. Psychol. 6: 229- 
235, 1978. 

. White, N. Self-stimulation and suppression of feeding observed 
at the same site in the amygdala. Physiol. Behav. 10: 215-219, 
1973. 








Physiology & Behavior, Vol. 28, pp. 667-673. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A 


Maternal and Paternal Pheromones in Gerbils’ 


SARA GERLING? AND PAULINE YAHR 


Department of Psychobiology, University of California, Irvine, CA 92717 


Received 31 July 1981 


GERLING, S. AND P. YAHR. Maternal and paternal pheromones in gerbils. PHYSIOL. BEHAV. 28(4) 667-673, 
1982.—Mongolian gerbil pups are attracted to maternal and parental nest odors. They approach these odors in preference 
to the odors of either virgin females or clean bedding. The pups do not distinguish between maternal or parental odors and 
odors of unfamiliar lactating females. Thus lactating female gerbils produce a maternal pheromone similar to that of rats and 
other rodents. Attraction to the pheromone develops by two weeks of age and persists for at least three weeks. The primary 
source of the pheromone is the mother’s enlarged ventral scent gland. Removing this gland eliminates maternal attractive- 
ness. Development of attraction to maternal scent gland odors depends on prior exposure to them. Pups raised by mothers 
lacking scent glands do not approach lactating females that have scent glands. The father’s presence during development 
alters the responses of gerbil pups to odors of other males. Pups raised by both parents avoid odors of other pairs with 
young, whereas pups raised by their mothers only do not. Pups are not attracted to their father’s odors. 


Meriones unguiculatus Maternal attractiveness 


Scent glands 





OLFACTORY signals play an important role in integrating 
mother-young interactions in mammals. In some species, 
lactating females use olfactory cues to recognize their young. 
Female goats, for example, imprint on their newborn’s scent 
and reject foster kids [8, 10, 11]. The odors that label the kid 
may be applied or furnished by the mother [8]. In other 
cases, the young use olfactory cues to respond to or orient 
towards their mother. Newborn rats, for example, use olfac- 
tory cues to locate the mother’s nipple and to initiate suck- 
ling after they have contacted it [9, 20, 21]. Even after their 
eyes and ears have opened, rat pups rely heavily on olfactory 
cues to maintain contact with the nest and their mother 
[12,15]. Similarly, young house mice [3], spiny mice [18], 
hamsters [4], and kittens [19] approach maternal scents. 

In the research presented here, we asked whether Mon- 
golian gerbils (Meriones unguiculatus), a rodent species that 
scent marks its environment with a specialized ventral 
sebaceous gland, uses that scent to attract its pups. Scent 
marking frequencies of female gerbils increase markedly dur- 
ing late pregnancy and lactation [22,25]. Increases in scent 
gland size during pregnancy and lactation parallel these be- 
havioral changes, enhancing odor deposition [22]. Lactating 
females also mark their pups directly and preferentially re- 
trieve marked young to the nest [22]. Since male gerbils par- 
ticipate in parental care, both by retrieving pups and by 
huddling with them in the nest, we also examined their con- 
tribution to the attractiveness of nest odors [5, 23, 24]. 


GENERAL METHOD 


Animals 
Male and female gerbils purchased from Tumblebrook 





Olfactory preference behavior 


Paternal influences 


Farms (West Brookfield, MA) at 120-150 days of age were 
paired in clear plastic cages (28x77 13 cm). When a female 
appeared pregnant, she was transferred to a clean cage and 
separated from her mate unless otherwise noted. All litters 
tested contained 4-6 pups. Surplus pups were culled within a 
day of birth. When possible, they were crossfostered. 
Crossfostering was also used to supplement small litters. 
Virgin females used as odor donors in Experiments 2-4 
were housed in groups of four in large metal pans (33 x 22x | 
cm). Sexually naive, adult male subjects in Experiment 
were housed individually in clear plastic cages. Fathers serv- 
ing as odor donors in Experiment 3 were transferred to small 
metal pans (27 x 14x 10 cm) when separated from their mates. 
All animals were exposed to a 14:10 hr light:dark cycle 
and were provided with Wayne Lab Blocks and water ad lib. 
Each cage contained pine wood shavings as bedding. Pregnant 
females were also given cotton batting as nest material. 


5 
> 


Apparatus 

The apparatus for testing olfactory preference was a black 
Plexiglas rectangle (402822 cm) set on a counter. The 
floor of the apparatus was a wire mesh screen mounted in a 
black Plexiglas frame. This frame rested on triangular blocks 
glued in each corner of the rectangle so that the mesh floor 
was suspended 2 cm above the counter. The mesh floor was 
further supported from underneath by a black Plexiglas bar 
that, viewed from above, divided the floor into two 20x28 
cm halves. This apparatus enabled us to place different bed- 
ding materials on each side of the center support bar, under 
the mesh screen, so that they could be smelled but not 
contacted. 
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TABLE | 
ATTRACTION OF GERBIL PUPS TO MATERNAL NEST ODORS VERSUS CLEAN WOOD SHAVINGS 





Number and 
Percentage 
of Pups 
Preferring 
Maternal Odors 


Pup Age 
(days) N 


Mean (+SE) 
Time (sec) 
on Side with 
Maternal Odors 


t Values 
(df=N-1) 


x” Values 
(df=1) 





11-14 20 13 
15-18 21 18 
19-23 19 19 (100%) 211 
24-29 10 
30-38 11 10 


(65%) 196 + 2 
(86%) 223 - 


10 (100%) 202 : 
(91%) 175 + 


1.80, n.s. 1.75, n.s. 
10.71, p<0.01 4.70, p<0.001 
19.00, p<0.001 7.06, p<0.001 
10.00, p<0.01 6.57, p<0.001 
7.36, p<0.02 3.64, p<0.01* 





*The t-test value based on littermate means did 


Test Procedure 


Four days before pups were tested, mothers and other odor 
donors were given clean wood shavings and cotton. Two 
hours before testing, pups were isolated in small plastic 
boxes with clean bedding. Just before each test, cage bed- 
ding from different odor donors, or clean shavings, were 
placed under the elevated mesh floor on opposite sides of the 
center support bar. Cotton from the same odor donors, or 
clean cotton, was placed on top of the screen above bedding 
or shavings from the same source. The two wads of cotton 
were diagonally opposite each other. 

A gerbil pup was then placed lengthwise over the center 
support bar. The test began when the pup moved off the 
center line. Time spent on each side was recorded for the 
next 5 min. A pup was considered to have changed sides 
when all four paws crossed the center divider. Each pup was 
tested only once unless specifically noted otherwise. The 
shavings were discarded and the apparatus and counter were 
cleaned with 95% alcohol after each test. The locations of the 
odor sources were counterbalanced across tests. All tests 
were done during the light phase of the light:dark cycle. 

Pups were said to prefer the side of the apparatus on 
which they spent more than 150 sec. The observed propor- 
tion of pups preferring the test odor was compared to the 
expected proportion (50:50) predicted by the null hypothesis 
using a x” test. The mean time spent on the side of the appa- 
ratus containing the test odor was compared to the mean 
time (150 sec) predicted by the null hypothesis using a two- 
tailed f-test. For each experimental condition, two such 
t-tests were performed. One was based on the mean of the 
individual pup scores (df=number of pups —1). The other 
was based on the mean of the average (mean) scores ob- 
tained by littermates, if any, in the same experimental group 
(df=number of litters —1). Unless specifically noted other- 
wise, the two types of analysis led to the same conclusion 
regarding statistical significance (p<0.05). 


EXPERIMENT 1: ATTRACTION TO 
MATERNAL NEST ODORS 


The purpose of this experiment was to determine (1) if 
gerbil pups prefer maternal nest odors to the odors of clean 
shavings and (2) if this preference changes with age. 


METHOD 


Eighty-one pups from 17 litters were tested for olfactory 


not attain statistical significance. 


preference as described above. One side of the test appara- 
tus contained bedding from the pup’s home cage. The other 
side contained clean shavings. The pups ranged in age from 
11 to 38 days (i.e., they were tested on Days 12-39 where 
Day 1=the day of birth). Not all pups from a litter were 
tested at the same age. To avoid confounding possible litter 
differences with age differences, pups from each litter were 
distributed across two or more age categories. Each age cat- 
egory included pups from 5—16 litters. Except for the 24- to 
29-day and the 30- to 38-day age categories, no age group 
contained more than two pups from the same litter. Of the 
five litters contributing to the 30- to 38-day age group, two 
contributed three pups each. Of the five litters contributing 
to the 24- to 29-day age group, one contributed three pups. 
At the end of each test day, the fur on the backs of the tested 
pups was clipped and they were returned to the nest. The fur 
was reclipped periodically as needed so that previously 
tested pups could always be identified. 


RESULTS 

Pups 15 days of age or older were highly attracted to 
maternal nest odors, as shown in Table |. Pups younger than 
15 days were much less active, which may have obscured 
any preference for maternal nest odors. These young pups 
generally wandered around the apparatus until they 
encountered a wad of cotton. They then burrowed into the 
cotton and slept until the test was over. This inactivity was 
reflected in the fact that eight of 20 pups 11-14 days of age 
spent the entire test on one side of the apparatus, whereas 
only one of the 61 older pups did so. 

An analysis of variance of the time data (based on four 
pups from each of ten litters tested at 11-19 days of age) 
revealed no significant effects of litter on pup preference for 
maternal odors, F(9,39)=1.80, n.s. The consistency of pref- 
erence across litters in this age range is also revealed by the 
fact that f-tests based on pup scores and f-tests based on 
litter means both produced highly significant ¢ values for 
pups 15-29 days of age. Nearly all pups 30-38 days of age 
also preferred the maternal scents, although the amount of 
time they spent near their mother’s odors was less than for 
younger pups. For the 30- to 38-day old pups, time spent 
near maternal odors differed significantly from chance val- 
ues when based on the behavior of individual pups, but not 
when based on litter means. Attraction to maternal odors 
may be waning at this age. 
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TABLE 2 


ATTRACTION OF GERBIL PUPS AND ADULT MALES TO DIFFERENT TEST ODORS 
VERSUS ODORS OF VIRGIN FEMALES 





Number and 
Percentage 

of Subjects 
Preferring 

Test Odor 


Subjects Test Odor 


on Side with 


Mean (+SE) 


Time (sec) 
x” Values t Values 
Test Odor (df=1) (df=N-1) 





Pups, Maternal 44 (68%) 
16-20 days 
Pups, 
26-28 days 
Pups, 
34-35 days 
Adult males, 
150 days 
Pups, 

16-18 days 
Pups, 

16-19 days 


Maternal 18 (90%) 


Maternal 16 (73%) 


Lactating 13 (65%) 

female 
Parental 24 (75%) 
Clean 19 (63%) 
shavings 


181 + 10 8.12, p<0.01 : 0.01 
12.80, p<0.001 50, 0.001 


54, p<0.05 : 0.01" 





*The ¢-test value based on littermate means did not attain statistical significance 


EXPERIMENT 2: SPECIFICITY OF ATTRACTION TO 
MATERNAL OR PARENTAL NEST ODORS 
Experiment | showed that gerbil pups are attracted to 
maternal nest odors. To verify that this is not a general at- 
traction to conspecific odors, we tested pups of various ages 
for their preference between maternal nest odors and the 


odors of virgin females. We also studied odor preferences of 


adult males and of pups reared by both parents and assessed 
the attractiveness of odors of virgin females as compared to 
clean shavings. 


METHOD 


Pups (N=107) from 23 litters raised by their mothers only 
were tested at 16-20, 26-28 or 34-35 days of age. Bedding 
from the pup’s home cage was on one side of the apparatus. 
Bedding from group-housed, virgin females was on the 
other. Since lactating females have larger scent glands than 
nonlactating females, we used grouped virgins to compen- 
sate for possible differences in intensity of scent gland odors. 
Twenty sexually naive, adult males were similarly tested 
when 150 days of age or older. For their tests, bedding from 
virgin females was placed in the apparatus opposite bedding 
from lactating females with litters 16-21 days of age. Another 
six litters (N=32 pups) raised by both parents were tested at 
16-18 days of age. They encountered home cage bedding 
opposite bedding from virgin females. 

Thirty additional pups from six litters (three raised by the 
mother, three raised by both parents) were tested at 16-19 
days of age for preference between bedding from virgin 
females and clean shavings. Although 20 of these pups had 
served as subjects in Experiment 3, none had encountered 
bedding from virgins or clean shavings in those tests. 


RESULTS 


Pups raised by their mothers were attracted to maternal 
nest odors at each age tested. Similarly, pups raised by both 
parents found parental nest odors attractive. In contrast, 


adult males did not prefer odors of lactating females to odors 
of virgins. Pups were not attracted to the odors of virgin 
females when these were paired with clean shavings. These 
data are summarized in Table 2. 

The data clearly indicate that gerbil pups can distinguish 
their mothers or parents from other adult conspecifics by odor 
and that pups prefer the familiar maternal or parental scents 
As in Experiment I, most pups over 30 days of age ap- 
proached their mother’s scent and spent significantly more 
time near her odors than near virgins’ odors when the 
analysis was based on individual pups, but not when the 
analysis was based on littermate means. Again this suggests 
that the preference for maternal odors is waning at this age. 


EXPERIMENT 3: ATTRACTION TO SPECIFIC 
MATERNAL OR PARENTAL NEST ODORS 


Experiment 2 showed that gerbil pups are more highly 
attracted to maternal and parental nest odors than to odors of 
virgin females. The purpose of this experiment was to de- 
termine if gerbil pups are more attracted to odors of their 
own mothers or parents than to odors of other mothers or 
parents with litters the same age. 


METHOD 


Pups (N=202) from 40 litters were tested at 15-18 days of 
age. Seventeen litters (88 pups) were reared by their mothers 
only. Twenty-three litters (114 pups) were reared by both 
parents. Eleven litters raised by their mothers were tested in 
the Mom vs Lac 2 condition. During their tests, one side of 
the apparatus contained home cage bedding. The other side 
contained bedding from another mother rearing pups the 
same age (+2 days). Ten litters reared by both parents were 
similarly tested in the Parents vs Pair condition, i.e., they 
encountered home cage bedding on one side of the apparatus 
and bedding from another set of parents on the other. The 
remaining six litters reared by their mothers were in the 
Mom vs Pair test condition. They encountered home cage 
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TABLE 3 
ATTRACTION OF GERBIL PUPS (15-18 DAYS OF AGE) TO DIFFERENT TYPES OF PARENTAL ODORS 





Mean (+SE) 
Time (sec) 
on Side with 
Home Cage or 
Dad’s Odors 


Number and 
Percentage of 
Pups Preferring 
Home Cage or t Values 


(df=N-1) 


x? Values 


Test Condition* N Dad’s Odors 


(df=1) 





33 (58%) 
20 (65%) 
18 (58%) 
32 (67%) 
12 (34%) 


Mom vs Lac 57 
Mom vs Pair 31 
Parents vs Lac 31 
Parents vs Pair 48 
Dad vs Nonlac 35 


13 .42, n.s. 0.93, n.s. 
20 , 1s. 1.52, n.s. 
20 1.09, n.s. 
14 3.07, p<0.01 
16 1.62, n.s. 


162 
180 
172 
192 
124 


It I+ I+ I+ I+ 





*See text for description of test conditions. 


bedding opposite bedding from a litter raised by both par- 
ents. Another six litters reared by both parents were in the 
Parents vs Lac 2 test condition. They chose between home 
cage bedding and bedding from a litter reared by the mother 
only. 

The final test condition was Dad vs Nonlac. In this case, 
seven litters reared by both parents were tested for attraction 
to paternal odors. The fathers were isolated from their pups 
and given clean bedding and cotton two days before the pups 
were tested. When these pups were tested, the apparatus 
contained bedding from the isolated father on one side and 
bedding from virgin females on the other. 


RESULTS 


Pups raised by their mothers did not distinguish behav- 
iorally between maternal nest odors and odors of other 
mothers or parents (see Table 3). Pups raised by both parents 
also found parental nest odors and odors of other mothers 
equally attractive. In contrast, pups reared by both parents 
preferred their home cage odors to odors of other parents. 

The percentages of pups preferring home cage odors were 
very similar in the Parents vs Pair and in the Mom vs Pair 
conditions (67% and 65%, respectively). Because of differ- 
ences in the number of pups tested in the two conditions, 
only the former score reached statistical significance; how- 
ever, time spent near home cage odors was also greater, and 
less variable, for pups in the Parents vs Pair condition than for 
pups in the Mom vs Pair condition. This strengthens the 
suggestion that pups in these two test conditions differ in 
their attraction to home cage odors and/or avoidance of un- 
familiar males. 

Pups raised by both parents were not attracted to their 
father’s odors when these were paired with odors of virgin 
females. 


EXPERIMENT 4: ROLE OF THE SCENT GLAND IN 
ATTRACTION TO MATERNAL ODORS 


The purpose of this experiment was to test the hypothesis 
that the maternal nest odors that attract gerbil pups are 
produced by the mother’s ventral sebaceous gland. As noted 
earlier, the scent gland enlarges and scent marking increases 
during lactation [22,25]. Since the scent gland is a prominent, 
midline structure located between the two rows of nipples, 
nursing pups would repeatedly be in close contact with it. To 
assess the role of the scent gland, we studied attraction of 
pups to odors of lactating females whose scent glands had 


been surgically removed. Some pups had previously been 
exposed to scent gland odors. Others had not. 


METHOD 


The scent glands of 11 parous female gerbils were surgi- 
cally removed under sodium pentobarbital (Nembutal) 
anesthesia. Another seven parous females received sham 
operations in which a strip of skin the size of the scent gland 
was removed from the ventrum. After recuperating from 
surgery, these females were remated. Eight of the scent- 
glandectomized females and six of the sham-operated 
females produced pups used in this experiment. Additional 
pups tested were born to unoperated females. 

Seven litters reared by glandectomized females and six 
litters reared by sham-operated females were tested at 16-19 
and 14-17 days of age, respectively. In each case, the appa- 
ratus contained home cage bedding on one side and bedding 
from virgin females on the other. These were the Glx Mom 
vs Nonlac and Mom vs Nonlac test conditions. Another litter 
(6 pups) reared by a scent-glandectomized female was tested 
at 24 days of age in the Glx Mom vs Nonlac condition. 

An additional seven litters reared by glandectomized 
females and six litters reared by females with intact scent 
glands (two were sham-operated) were tested at 16-19 days 
of age in the Glx Mom vs Lac 2 and Mom vs GIx Lac 9° test 
conditions, respectively. In the Glx Mom vs Lac 9° test 
condition, pups of glandectomized mothers chose between 
home cage bedding and bedding from an intact mother with 
pups the same age (+2 days). In the Mom vs Gix Lac 9° test 
condition, pups of intact mothers chose between home cage 
bedding and bedding from a mother without a scent gland. 

RESULTS 

Pups of sham-operated females preferred maternal nest 
odors to odors of virgins, as shown in Table 4. These data 
replicate those of Experiment 2 even though the pups tested 
here were slightly younger. Pups of glandectomized females 
displayed no preference between their mother’s odors and 
odors of virgin females. Table 4 shows these data for pups 
16-19 days. All six pups from the litter tested at 24 days of 
age preferred home cage odors (with these pups included, 
x*(1)=5.77, p<0.02), but their preference scores were low 
(mean time spent on side with maternal odors with these 
pups included=171+15 sec, #(38)=1.42. n.s.). 

Pups of glandectomized females also failed to distinguish 
behaviorally between their mother’s odors and odors of lac- 
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TABLE 4 


ATTRACTION TO MATERNAL NEST ODORS FOR GERBIL PUPS REARED BY FEMALES WITH OR 
WITHOUT A VENTRAL SCENT GLAND 





Number and 
Percentage 
of Pups 
Preferring 
Test Home Cage 
Condition* Odors 


Mean (+SE) 
Time (sec) 
on Side 
with Home 
Cage Odors 


t Values 
(df=N-1) 


x? Values 
(df=1) 





Mom vs 24 (73%) 
Nonlac 
Glx Mom vs 
Nonlac 
Glx Mom vs 

Lac$¢ 
Mom vs 
Glx Lac? 


21 (64%) 


17 (47%) 


23 (74%) 


6.82, p<0.01 4.06, p<0.001 
2.45, n.s. 1.23, n.s. 
0.12, n.s. 0.18, n.s. 


9.32 2.59, p<0.027 





*See text for description of test conditions. 


+The t-test value based on littermate means did not attain statistical significance. 


tating females with intact scent glands. In contrast, pups 
reared by females with scent glands preferred maternal nest 
odors to odors of lactating females lacking scent glands. This 
contrasts with the data from Experiment 3, in which pups did 
not distinguish their own mother’s odors from those of other 
lactating females when both had intact scent glands. As 
shown in Table 4, preference of pups in the Mom vs Glx Lac 
? condition for their mother’s scent was indicated both in 
terms of the number of pups preferring home cage odors and 
in terms of the time spent near those odors when the data 
were analyzed on the basis of individual pup scores. The 
time these pups spent near their mother’s odors did not differ 
from chance when based on litter means. It is worth noting, 
though, that this discrepancy vanishes if the lowest pup 
score (13 sec with its mother’s odors) is omitted when the 
litter means are calculated. 


GENERAL DISCUSSION 


Gerbil pups move toward maternal nest odors and away 
from odors of nonlactating females or clean bedding. They 
do not, however, prefer their own mother’s scent to that of 
other females at the same stage of lactation. These data indi- 
cate that lactating female gerbils produce a maternal 
pheromone analogous to those of rats [12,15], hamsters [4], 
house mice [3], and spiny mice [18]. Gerbils differ from these 
species in regard to the source of the pup attractant and the 
time course of pup attraction. 

The primary source of pup attractant is the mother’s 
enlarged ventral scent gland. Two observations lead to this 
conclusion. First, gerbil pups reared by normal mothers pre- 
fer maternal nest odors to odors of lactating females lacking 
scent glands. These pups behave as though the glandec- 
tomized mothers were nonlactating females. Second, gerbil 
pups reared by mothers without scent glands do not dis- 
criminate between their home cage odors and odors of non- 
lactating females. 

These data contrast with those for rats, the only other 
species in which the source of pup attractant production has 
been determined. In lactating female rats, pup attractant is 
contained in the anal excreta [12,17]. Caecotrophe, a soft 


excretion that lactating female rats release copiously, is a 
particularly rich source of the attractant pheromone [12], 
which may be formed enzymatically from cholic acid by bac- 
terial action in the female rat’s enlarged caecum [17]. Gerbils 
also have a large caecum, but do not produce increased 
amounts of caecotrophe at lactation. Although gerbils are 
adapted to a desert environment and need relatively little 
water to survive, the fluid needs of both sexes increase dur- 
ing reproduction [26]. This is particularly true for the 
females. Thus during lactation they may not be able to afford 
the fluid loss involved in caecotrophe release. Nonetheless, 
fecal odors may contribute to maternal attractiveness in 
gerbils, particularly when scent gland odors are not available 
(see below). Even in rats, production of anal excreta that 
attract pups can be separated experimentally from 
hyperphagia [7], a common correlate of increased caeco- 
trophe production during lactation [12]. 

Gerbils ressemble rats in that both species require expo- 
sure to maternal odors for pup attraction to develop. If gerbil 
pups were innately attracted to scent gland odors of lactating 
females, then pups of glandectomized mothers should move 
away from their own nest odors to approach those of lactating 
females with functional scent glands. But they do not. Gerbil 
pups preferentially approach scent gland odors of lactating 
females only if they are familiar with such scents. 

Familiarity also contributes to pup attraction to maternal 
caecotrophe odors in rats. Rat pups raised by mothers whose 
caecotrophe production is suppressed do not approach odors 
of normal mothers [12], but daily exposure to the odor of 
caecotrophe, even in the absence of the mother, allows the 
preference behavior to develop [14]. Similarly, rat pups de- 
prived of an opportunity to smell caecotrophe develop an 
attraction to an arbitrary odor, peppermint, if regularly ex- 
posed to it [14]. Although we did not test the ability of gerbil 
pups to respond to odors such as peppermint, our data do 
suggest some plasticity in the development of odor prefer- 
ence in gerbil pups. At 24 days of age, all pups of one litter 
reared by a glandectomized female approached their home 
cage odors rather than the odors of nonlactating females. 
Two other litters reared by the same female but tested at 16 
days of age did not show this home cage bias. Thus older 
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gerbil pups may develop a preference for familiar nest odors 
despite the absence of their mother’s scent gland. This could 
reflect more intense odor production by older litters, in- 
creased preference after prolonged exposure, or better dis- 
crimination by older pups. Fecal or urinary cues, or perhaps 
even salivary cues [2], may be involved. 

Attraction to maternal nest odors develops around two 
weeks of age in gerbils and persists until the pups are five 
weeks old or older. We could not detect any reliable attrac- 
tion in pups younger than two weeks of age, although a sim- 
pler motor task might have revealed one. Since scent gland 
size and marking frequency are already elevated in lactating 


the onset of preference behavior in the pups reflects the 
onset of attractant production by the mother. Interestingly, 
Waring and Perper [23] report that the percentage of gerbil 
pups that return to the nest when scattered about the cage 
increases at about two weeks of age. 

The onset of pup attraction in gerbil pups corresponds 
closely to that seen in rats (14 days) [16]; however, the two 
species differ noticeably in the duration of attraction. In rat 
pups, attraction to maternal odors decreases substantially by 
four weeks of age [16], whereas gerbils still prefer maternal 
odors at five weeks of age. This is not surprising consider- 
ing that the scent gland size and marking frequencies of lac- 


gerbils, attraction to maternal scents may continue until pups 
are physically separated from their mothers or until their 
own scent glands develop fully at puberty. In rat pups, at- 
traction to maternal caecotrophe declines when the pups 
begin to produce the same excretions [13]. Species differ- 
ences in how long pups remain attracted to the mother’s 
odors may be related to species differences in dispersion of 
young after weaning. In Mongolia, gerbil young-of-the-year 
overwinter in their parents’ burrow [1]. In this context, pro- 
longed attraction to maternal scents makes sense. 

Perhaps the most intriguing aspect of our data concerns 
the impact of paternal scents. Although gerbil pups are not 
attracted to their father’s odors, pups reared by both parents 
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develop an apparent aversion to the odors of other adult 
males. Given a choice between parental nest odors and odors 
of other parents, gerbil pups prefer the familiar scents. The 
suggestion that this reflects avoidance of strange male odors 
rather than attraction to paternal odors is based on the be- 
havior of such pups in other contexts. For example, pups 
raised by both parents do not prefer home cage odors to 
odors of litters reared only by their mother. Also, after two 
days separation from their father, gerbil pups do not prefer 
their father’s odors to those of virgin females. Indeed, they 
show a weak avoidance. Thus if gerbil pups are attracted to 
their father’s odors, this attraction fades quickly in his ab- 
sence and is overshadowed by attraction to the odors of 
lactating females. 

Like development of attraction to maternal scents, 
avoidance of odors of strange males develops only as a result 
of experience with adult male odors. In this case, exposure 
to the father, presumably to the father’s odors, is the critical 
factor. Gerbil pups reared by their mother only do not de- 
velop an aversion to strange male odors. They neither ap- 
proach nor avoid nest odors of litters raised by both parents 
in comparison to odors from their maternal nest. 

Avoiding the odors of unfamiliar males may be an adap- 
tive tactic for gerbil pups. Although male gerbils assist their 
mates in caring for young [ 24], males that lack parental 
experience often cannibalize pups unless their own mate is 
nearing parturition [6,7]. The benefits to avoiding can- 
nibalism are clear. However, other considerations suggest 
that this explanation is premature. First, gerbil pups avoid 
males that are rearing pups of their own. Under these condi- 
tions, pup cannibalism is inhibited in adult males [6,7]. Sec- 
ond, mature female gerbils are more apt to cannibalize pups 
than are mature males [6,7], yet gerbil pups do not avoid the 
odors of nonlactating females, relative to clean shavings. If 
the responses of gerbil pups to odors of conspecific adults 
had been significantly shaped by selection pressure to avoid 
cannibalism, then young pups should avoid virgin females at 
least as vigorously as they avoid adult males. 
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JOHNSON, K. G. AND M. CABANAC. Homeostatic competition between food intake and temperature regulation in 
rats. PHYSIOL. BEHAV. 28(4) 675-679, 1982.— Rats obliged to leave a thermoneurtral box to feed at air temperatures 
(T,) of 25°, 5 or —15°C reduced the total time spent feeding and the duration of each meal as T, fell, but increased their 


food intake by eating faster. Increasing the palatability of the food offered at 


15°C T, did not prolong feeding but further 


increased food intake and the speed of eating. The estimated maximum fall in rectal temperature during feeding at — 15°C 
was small (0.48°+0.15°C, S.E.) but skin temperatures of ears and tail tip fell to near 0°C. These rats were able to maintain 
near-normal balances of food intake and body temperature by reallocating the times spent feeding and sheltering and by 
altering the speed of eating; they thus resolved a conflict between hunger and cold discomfort with little evidence of a strain 


on homeostasis. 


Conflict Temperature regulation Food intake 


Homeostasis 





BEHAVIOR is the final common pathway for numerous 
motivations [8]. When a conflict occurs between motiva- 
tions, behavior is presumed to be used by an animal to 
satisfy its most urgent need. The situation differs somewhat 
for temperature-induced motivations in endotherms, for 
these animals can use either behavioral or autonomic means 
for regulating body temperature. In a natural environment 
for example, animals will only sometimes be in their thermal 
preferendum. At other times, they will be obliged to expose 
themselves to thermal stress because behaviors arising from 
non-thermal drives, such as hunger, thirst, gregariousness, 
migration or reproduction have pre-empted the behavioral 
mechanism. An endothermic animal is then free to forego 
behavioral thermoregulation, use its behavioral capacity for 
other purposes, and counter the thermal stress with greater 
autonomic responses. 

Despite the common occurrence of competition between 
thermoregulatory and other drives, few reports describe the 
behavioral modifications arising from such conflicts. When 
body temperature constancy was pitted against food and 
water balance in pigeons [10], the birds tolerated a rise in 
body temperatures of about 0.7°C while they satisfied their 
hunger. However, generalizations from operant instrumental 
behavior cannot necessarily be extended to complex field 
situations. For example [2], pigs will work for heat during 
cold exposure in the laboratory, but outdoors they will do so 
only in the daytime and not at night despite colder ambient 
conditions; stronger drives than thermoregulation apparently 
determined night-time behavior. In complex natural en- 
vironments, behavior presumably results from optimizing 
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the responses not of a single homeostatic system, but of a 
number of interacting homeostatic systems [6]. 

In the present experiments, one of the simpler dilemmas 
that arise naturally, between temperature regulation and 
hunger, has been studied in rats under conditions that stimu- 
late field conditions while allowing measurement of variables 
in a way only feasible in the laboratory. The intensity of the 
conflict has been graded by interacting three levels of ther- 
mal stress with three grades of dietary attraction in the form 
of foods of different palatability. 


METHOD 


The experimental units were alleys, | m long x 200 mm 
wide xX 230 mm high, made of black-painted wood, with 
wire-mesh floors allowing free ventilation (Fig. 1). The alleys 
were placed in a chamber in which the air temperature (T,) 
was controlled in different experiments at 25°, 5° or —15°C. 
In each alley, food was offered at one end (the ‘restaurant’) 
while a box at the other end (the ‘home’) was always kept 
near thermoneutrality. Each rat had its own home. When the 
chamber T, was below 25°C, the ‘home’ box was heated by 
an infra-red lamp controlled so that the temperature inside a 
sealed bottle in the box was 20-25°C. When the infra-red 
lamp was on, a non-heating red bulb was also illuminated 
above the ‘restaurant’. During experiments the rats were 
free to move between the home, the alley and the restaurant. 

Six mature, female, Wistar rats weighing 251+17 g (S.D.) 
were given access to food only between 1000 and 1200 hrs 
each day for 3 weeks before the experiment began. The 
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FIG. 1. The experimental apparatus, showing the ‘home’ (at right) maintained at an operative tempera- 


ture (T,,,) of 25°C by an infra-red lamp, and the alley and ‘restaurant’ (at left) maintained at T, 25°, 5° or 
15°C in a climatic chamber. The presence of the rat in the home or at the restaurant was indicated by 
depression of switches (S) causing deflections on the recorder (R). 


animals were fed principally on standard ‘Purina’ chow, but 
were also offered small amounts of other foods known to be 
attractive to rats viz: chocolate-chip biscuits, meat paté and 
Coca-Cola (Coke). During training, the animals were fed 
twice each week in the testing-alleys to acquaint them with 
the apparatus. During training and between experimental 
session, animals were kept at T, 25°C. 

The main part of the experiment consisted in 5 feeding 
trials, conducted between 1000 and 1200 hrs, with each 
animal. In 3 trials, chow was offered at 25°, 5° and — 15°C T,; 
in the fourth trial, a solution of Coke (i.e. without aeration) 
was Offered in addition to the chow at —15°C T,; and in the 
fifth trial, a ‘cafeteria’ diet of Coke solution, chocolate-chip 
biscuits and meat paté was offered in addition to the chow at 
— 15°C T,. The chow and biscuits were powdered to prevent 
hoarding by the animals. Water was available to animals at 
the restaurant in all sessions. At —15°C T,, Coke solution 
and water were provided in ‘Thermos’ flasks to prevent 
freezing. In order to minimize acclimation of the animals to 
cold, the sequence of experiments was such that animals 
were exposed to — 15°C T, only once each week; to minimize 
any residual bias, three rats underwent the sequence of 5 
treatments in exactly the reverse order to the remaining 3. In 
each session, the times spent by the rats in the home box, at 
the restaurant, and in the alley were indicated on a polygraph 
by the action of closing microswitches attached to the home 
and the restaurant. The amounts of various feeds eaten dur- 
ing each session were determined and the energy content 
calculated from analyses which had shown energy contents 
to be: chow, 14.4 kJ/g; chocolate biscuit, 19.79 kJ/g; meat 
paté, 19.79 kJ/g; and ‘Coke’, 1.92 kJ/ml. 

Attempts to measure body temperatures during feeding 
were unsuccessful because the animals became preoccupied 


with the attached thermocouples and worked at removing 
them rather than eating. Therefore, when the first part of the 
experiment was complete, a study was made of body tempera- 
ture changes during simultated feeding at 5° and —15°CT,,. 
The mean and longest sojourns of each animal at the 
restaurant and the mean sojourn in the home at 5° and —15°CT, 
were computed from the recorder chart. Animals had 
fine, bare thermocouples (0.101 mm dia.) attached with col- 
lodion to the tip and base of the tail and to the ear, and a 
heavier thermocouple probe (0.274 mm dia. wire in 2 mm 
dia. polythene) inserted 70 mm into the rectum. Each tem- 
perature was recorded every 15 seconds, initially for 2-3 min 
in control conditions at 25°C T,, then in the cold chamber for 
the mean sojourn for that animal at the restaurant, then 
under the infra-red lamp in the cold for the mean sojourn in 
the home, and finally in the cold again without infra-red heat- 
ing for the longest duration spent by that animal at the restau- 
rant. 


RESULTS 


At 5° and 25°C T,, animals spent more than half of each 
experimental session at the restaurant, and a considerable 
part of the remaining time in the a/ley between the home and 
the restaurant (Fig. 2). In contrast, at —15°C T,, only about 
one third of each session was spent feeding and virtually all 
the remaining time was spent in the home. 

Despite the reduced time spent feeding at low T,, the cold 
environment caused increases in both the mass of food eaten 
and the energy intake (Fig. 3). Furthermore, when highly 
palatable foods were offered in the cold, the food and energy 
intakes were siginficantly greater than when chow only was 
available. 
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FIG. 2. Proportions of 120-min experimental sessions spent in the 
home, the alley and the restaurant with different T, and different 
food palatability. Blocks of the same shading not joined by the same 
continuous line are significantly different (9<0.05; Duncan multiple 
range test). 


Since food intake increased in the cold despite the de- 
creased time spent eating, adjustment had obviously been 
made by the animals in the speed of eating (Fig. 4). When 
chow alone was available, rats ate more than twice as fast at 
— 15°C as at 25°C T,. When the palatability of the food was 
increased by offering a ‘cafeteria’ diet, the speed of ingestion 
increased by a further 38%. The relatively low speed of eat- 
ing when ‘Coke’ was offered occurred because, though 
highly attractive to rats, Coke is of relatively low energy 
content compared to solid diets. Thus when animals spent 
much time drinking Coke, they neglected the chow, the in- 
take of solides decreased and the overall energy intake was 
virtually unchanged. The reorganization of eating behavior 
induced by cold is well illustrated by the reciprocal changes 
in the upper and lower parts of Fig. 4. Ambient cold reduced 
the duration of meals dramatically, the speed of eating in- 
creased, and, especially when the food was highly palatable, 
the animals increased their energy intake significantly. 

The results of measurements of body temperature made 
to indicate the temperatures likely to have existed during 
feeding are shown in Fig. 5. 


DISCUSSION 

Rats experiencing competition between hunger and body 
temperature regulation managed to resolve the conflict and 
still remain close to homeostatic balances with respect to 
both systems by a combination of reallocating time to differ- 
ent activities and adjusting the speed of eating. While there 
were almost certainly penalties to be borne by the animals, 
such as thermal pain in uninsulated extremities, the adaptive 
behavioral changes were efficient enough to allow the 
animals actually to increase their food intake. It is well 
known that increases in food intake occur during long term 
exposures to cold stimuli [1, 4, 5]; in the present experiment, 
a similar effect occurred during short cold exposures. Acute 
changes of ambient temperature have previously been found 
to modulate hunger in humans [11], and thirst in doves [7] 
and rats [9]. An immediate increase of food intake in the cold 
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FIG. 3. The effects of ambient temperature and food palatability on 
food intake measured as energy content or mass of solid food in- 
gested. The blocks indicate mean effects; the plates above the blocks 
are 1 S.E. from the mean. Blocks not joined by the same continuous 
line (x——x) are significantly different (9<0.05; Duncan multiple 
range test). 
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FIG. 4. The effects of ambient temperature and food palatability on 
duration of meals and speed of eating. Plates above the blocks are | 
S.E. from the mean. Blocks not joined by the same continuous line 
are significantly different (o<0.05; Duncan multiple range test). 
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is apparently an anticipatory adjustment, of value if the cold 
exposure becomes prolonged. 

Deep body temperatures changed relatively little in any 
condition. The mean fall in T,,. during the longest periods of 
feeding at 5°C T,, was only 0.15+0.08°C (N.S.), whereas that 
during the longest feeds at —15°C T, was 0.48+0.15°C 
(p <0.05; t-test). This decrease is relatively small considering 
the deep body temperature of the rats was initially elevated 
to 39.84+0.12°C, as commonly occurs in experiments involv- 
ing handling [3]. Rectal temperatures at the end of the 
longest meal were thus still within the normal range. The 
uninsulated body surfaces were very likely the sources of 
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FIG. 5. Changes in rectal and skin temperatures of rats during expo- 
sures to 5°C or —15°C T,, for the mean and longest durations volun- 
tarily spent in the cold while eating. The times shown in brackets are 
the means for all animals. Control measurements were made at 25°C 
T,. Values are means+S.E. 
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cold discomfort, for, as expected, the falls in extremity skin 
temperature were considerable. From these measurements, 
it was obvious that at — 15°C T, animals sometimes remained 
feeding until T,, approached 0°C. During feeding at this T,,, 
animals were often observed to balance on the base of their 
tail with their hind feet off the ground. 

An underlying objective of this experiment was to strain 
the thermoregulatory system of rats within the limits volun- 
tarily tolerated, firstly by lowering the ambient temperature 
at the site of feeding, and secondly by offering progressively 
more attractive diets in the cold. The strains measured in the 
animals are shown in Fig. 6. The ambient temperature stress 
was effective in inducing changes in body temperature, in 
altering behavior to avoid cold, and quite probably also in 
inducing autonomic thermoregulatory responses such as 
piloerection and shivering, though these were not quantified 
here. A greater competitive stress than —15°C T, is appar- 
ently needed to suppress feed intake and/or to lower deep 
body temperature greatly. The other putative stress of in- 
creasing palatability was quite ineffective in inducing ther- 
moregulatory strain; in fact it had the converse effect by 
inducing rats to eat more quickly. 

Studies of behavioral adaptation can reveal both group 
responses and differences between individuals within the 
group. Group responses indicate the general nature of the 
adaptation: individual differences identify possible bases of 
superiority in adverse environments. This study of a small 
number of animals was not structured to reveal individual 
differences. Nonetheless, it was apparent that at —15°C T, 
one animal consistently had the shortest meals (29+4 sec, 
S.E.) and another always had the longest meals (83+9 sec, 
S.E.). The ranking of individuals in the remainder of the 
group (mean meal duration 44+3 sec, S.E.) was variable. 
Since the times these particular animals spent eating in a 
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FIG. 6. Thermoregulatory strains induced by (a) lowering T, at the 
site of feeding with only chow available, and (b) increasing palata- 
bility of food offered at — 15°C T,. T,, and T, are the rectal and tail tip 
temperatures, respectively, at the end of the longest meal. Graphs 
drawn with dashed lines are included only for comparison and do not 
contain additional information; since palatability did not signifi- 
cantly alter the meal duration, T,, and T, were the same for all 
palatabilities at —15°C T,, and the 3 points on these graphs are 
identical with the — 15°C value in (a). Because energy was taken as 
liquid (Coke) in some experiments, speed of eating is graphed as 
both solid/min (@——®@) and energy/min ( >). Values are 
shown are means+S.E. 


2-hour session (40+2 min and 36+2 min respectively) were 
not significantly different from those of other animals at 
—15°C T, (mean 43+2 min, S.E.), it follows that these two 
animals had adopted characteristic patterns of response to 
the conflict they encountered in the cold. One animal made 
numerous brief visits to the restaurant, the other made rela- 
tively few visits of considerably greater duration. The tem- 
peratures measured in the animals were not sufficiently de- 
tailed to reveal any corresponding differences in body tem- 
perature regulation, nor were there any apparent physical 
features of the rats which might explain the difference. In a 
natural environment, such differences in response may be 
sufficient to influence natural selection. 

The full complexity of reactions to competing homeosta- 
tic motivations is undoubtedly greater than is revealed by the 
relatively simple results obtained here. For example, the 
drives to increase food intake and the speed of eating which 
apparently strengthened as ambient temperature fell would 
likely be progressively suppressed and eventually over- 
whelmed by cold discomfort if the environmental tempera- 
ture were to fall further. It seems, also, that the well known 
behavioral adaptation to thermal and other stresses alone oc- 
curs, as well, to stresses in combination. In the present ex- 
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periment, conditions were contrived to pressure animals into 
suppressing either their homeothermy or their normal food 
intake; they did neither. Instead, despite their naiveté in the 
experimental situation, the animals immediately and very 


successfully adopted a pattern of behavior which accommo- 
dated the competing drives and allowed the animals to retain 
near-normal homeostatic balances of both body temperature 
and food intake. 
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SCHEIRS, J.G.M. ANDC. H. M. BRUNIA. Effects of stimulus and task factors on Achilles tendon reflexes evoked earl) 
during a preparatory period. PHYSIOL. BEHAV. 28(4)681-685, 1982.—The effects of intensity, duration and modality of 
a warning signal on tendon (T) reflexes evoked during the initial phase of a preparatory period of 4 sec were investigated 

Reflexes were evoked simultaneously in both legs, from 0 to 350 msec after warning signal onset in steps of 50 msec. The 
required response was a plantar flexion of the right foot. A facilitation of reflexes was seen within 150 msec after warning signal 
onset, showing a somewhat longer latency for visual as compared to auditory signals. An effect of intensity was found 
in the auditory modality only, where the louder of two warning signals yielded a clear peak at 100 msec while the softer 
stimulus caused no significant departure of Achilles tendon reflexes from baseline. The time course of facilitation in the 
auditory modality was influenced by warning signal duration as well, although this effect was only marginally significant 

There were no effects of physical warning signal parameters on reaction time. A comparison with an experiment in which 
non-signal stimuli were presented alone, pointed to aspects of the preparatory process which were manifest at the spinal 


level as early as 200 msec after warning signal onset. 
Achilles tendon reflex Motor preparation 


IT IS well known that the presentation of an auditory 
stimulus can have facilitating effects on monosynaptic spinal 
reflexes in man. The amplitude of the quadriceps stretch 
reflex, for instance, is increased when auditory stimuli of 
different intensities are presented prior to and during reflex 
evocation. The higher intensities of the tone result in a 
greater increase [10], while maximal facilitation is found at 
about 100 msec after tone onset [1]. The electrically evoked 
Hoffmann (H) reflex proves to be sensitive to this audio- 
spinal facilitation as well [16]. 

The H reflex and the Achilles tendon (T) reflex can be 
evoked during the foreperiod of a warned reaction time ex- 
periment. Changes in reflex amplitudes during the foreperiod 
are an index of changes in excitability of alpha motoneurons 
innervating the triceps surae muscle, and in presynaptic in- 
hibition acting on the group Ia fibres. When the required 
response is a plantar flexion of one of the feet, a movement 
for which the same muscle has to be activated voluntarily, 
these changes in reflex amplitudes can be thought to reflect 
elements of the preparatory process taking place in the sub- 
ject in anticipation of the response. Previous experiments 
employing such an experimental paradigm showed that an 
initial increase in H reflex amplitudes could be found at 
about 100 or 200 msec following the warning signal, both 
when short (1 sec) as well as long (4 sec) foreperiod durations 
were used [6,15]. It has become clear recently [7], that an 
early peak is also present when T reflexes are evoked during 
a 4 sec foreperiod. 


Reaction time 


Reflex facilitation 


The blink reflex is also used as a test for motorpreparation 
in humans [4]. The first component of this reflex was shown 
to be enhanced by preliminary stimulation in a comparable 
fashion [18]. 

It has been argued that this early facilitation might be 
related to the presentation of the warning signal, and that it is 
independent of the kind of response, i.e., a foot or finger 
movement [6]. The question then arises whether the increase 
is triggered by the alerting properties of the warning signal 
per se, or by the signal value that has been attributed to it as 
well. In other words: is the early peak determined by physi- 
cal parameters of the warning signal, by aspects of the pre- 
paratory process, or by both? 

There is some evidence that preparatory processes do play 
a role at the beginning of the foreperiod. It was found about a 
decade ago that the amount of T reflex facilitation observed 
during the first sec after onset of a tone, depended on 
whether a response was required to tone offset 4 sec later [9]. 
In addition, data from our laboratory (Haagh, communica- 
tion at the 22nd. Tagung experimentell arbeitender 
Psychologen, Tiibingen, 1980) indicate that the early peak is 
larger when the probability that the reaction signal is going to 
be presented is less than one. Finally, the amplitude and the 
latency of the early peak have been shown to depend on the 
length of the foreperiod that is employed, at least when these 
foreperiods are of a very short duration [19]. 

The present experiment was aimed at the question of 
whether or not the early facilitation of T reflex amplitudes in 
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a 4 sec foreperiod would be influenced by the signal value of 
the warning signal, and whether or not non-task factors such 
as intensity, duration and modality would play a role as well. 


METHOD 
Subjects 


Eighty right-handed subjects, 42 males and 38 females, 
took part in the experiments. Their age varied between 16 
and 39 years (mean age: 22.4 years). The subjects, the 
majority of them being college students, were paid for their 
cooperation. 


Apparatus 


Subjects were seated comfortably in a specially designed 
chair, placed in a dimly illuminated, soundproof and electri- 
cally shielded room, with their feet strapped to a footplate. 
The knees were positioned in approximately 120° of flexion 
while the ankle was set at 90°. T reflexes were evoked in both 
legs simultaneously by means of two Briiel and Kjaer 4809 
vibration exciters, which were directed at a right angle to the 
Achilles tendon at the level of the lateral malleolus. The 
vibration exciters were triggered by a 9 msec pulse of varia- 
ble amplitude, produced by two Briiel and Kjaer 2706 power 
amplifiers. 

Either an auditory or a visual stimulus served as the warn- 
ing signal (WS). The auditory stimulus was produced by a 
Sonalert (2800 Hz) centered behind the subject. Its duration 
was 100 or 200 msec, while its intensity was either 65 or 85 
dB (A) at the level of the subject’s ears. Three different 
combinations of duration and intensity were made. These 
combinations were employed pairwise as follows: the 100 
msec-85 dB and the 200 msec-85 dB tones, which shall 
hereafter be referred to as the short and long stimulus re- 
spectively, and the 100 msec—65 dB and the 100 msec-85 dB 
tones, which will be called the soft and loud stimuli. A red 
LED-display (surface area: 9 cm?) placed at eye-level about 2 
m in front of the subject was used as the visual WS. The 
duration of this visual WS was 100 msec; its intensity was 15 
or 200 cd/m? against a 3 cd/m? background luminance (as 
measured by a Minolta auto spot-1 luminance meter). The 
two visual warning signals will be referred to as the weak and 
intense visual stimuli, respectively. 

A second LED-display (green, 9 cm’, 20 cd/m?*), posi- 
tioned next to the red one, served as the reaction signal (RS) 
throughout the experiments. The RS lasted for 50 msec. A 
Square wave tone (500 Hz, duration: 1 sec, intensity: 85 dB) 
was used as a feedback signal (see procedure). 

Experimental procedures as well as reaction time (RT) 
data acquisiton were accomplished by means of a DEC Lab 
8/e computer. 

The electromyographic responses were recorded via two 
Ag-AgCl surface electrodes attached 4 cm apart on the distal 
part of each soleus muscle. The signals were amplified by 
Hellige EE preamplifiers (—3 dB bandwidth: 5.3—1000 Hz) 
and recorded on magnetic tape (Hewlett-Packard 3960; 
bandwidth 0-312 Hz). A DEC PDP 11/10 computer was used 
for analog to digital conversion (sample frequency: 2048 Hz) 
as well as measurement of the peak to peak amplitudes of the 
reflexes. 


Procedure and Data Analysis 


The experiment consisted of four conditions. Twenty sub- 
jects participated in each of these four conditions. In condi- 


SCHEIRS AND BRUNIA 


tion I (passive listening) a non-signal stimulus was presented 
alone without a response requirement. The interval between 
two successive signals was 20 sec. In conditions II, III and 
IV (the reaction time tasks) a WS was presented, followed 4 
sec later by the RS. Subjects were instructed to respond as 
quickly as possible to the RS by making a plantar flexion 
with their right foot and thereby closing a microswitch 
mounted under the footplate. In conditions II, III and IV, 
each foreperiod of 4 sec was followed by an intertrial interval 
of 16 sec. 

In all four conditions, one out of two possible warning 
stimuli (i.e., non-signal stimuli in condition I) was chosen 
pseudo-randomly, each stimulus being presented on 50% of 
the total number of trials. The stimuli used in conditions I 
and II were the soft and the loud one. Thus, the effect of WS 
intensity and the effect of the task factor (passive listening 
vs. preparation for a response) could be investigated. In 
condition III, the short and long stimuli were used in order to 
study possible effects of the duration of an auditory WS. In 
condition IV, the weak and intense stimuli were employed in 
order to compare WS intensity effects in different modal- 
ities. 

Reflexes were evoked in a pseudo-random order, 8 times 
at each of 8 different temporal measuring points and for each 
of the two warning stimuli: at 0, 50, 100, 150, 200, 250, 300 
and 350 msec after WS onset. Only one reflex was evoked on 
each trial. An experimental session for a particular subject 
consisted of 128 trials. After each trial, a control reflex was 
evoked pseudo-randomly at 6, 8 or 10 sec after the RS (i.e., 
at 10, 12 or 14 sec after the non-signal stimulus in condition 
I). 

The feedback signal was presented to the subject 
whenever a response occurred before RS presentation on a 
certain trial in condition II, III or IV, or when no response 
had been given at all within 450 msec after the RS. All sub- 
jects were given some practice trials prior to the experiment, 
and were instructed not to make gross movements during the 
session. An extra financial reward was promised in case of 
very fast and errorless responding. 

After completion of the experiment, peak to peak ampli- 
tudes of the T reflexes were measured. Individual control 
levels were obtained for each leg and each type of WS by 
averaging the corresponding control reflexes. Mean reflex 
amplitudes of each of the 8 different measuring points were 
calculated per subject and expressed as percentages of the 
individual control levels. The individual percentage scores 
were used for statistical analysis, the overall averaged scores 
for the illustrations. 

In order to prevent the data from being contaminated by 
premature or late responses, trials with RTs shorter than 100 
msec or longer than 450 msec were excluded from the 
analysis. This procedure did not result in less than 5 remain- 
ing observations per measuring point for each WS in any 
subject. 


RESULTS 
Conditions I and Il 


Mean T reflex results from conditions I and II, where the 
soft and loud warning signals were employed, are depicted in 
Fig. 1. The data were analysed in a S(A)x Bx Cx D ANOVA, 
the factors being the between-subjects variable Condition 
(i.e., reaction time task vs. passive listening) and the within- 
subjects variables Intensity Level (soft vs. loud), Registra- 
tion Side (left vs. right leg) and Temporal Measuring Points 
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FIG. 1. Mean T reflex amplitudes during the early phase of a 4 sec 
foreperiod, expressed as percentages of the baseline level. Condi- 
tion I (passive listening) is at the top, condition II (reaction time 
task) is below. The required response in the reaction time task was a 
plantar flexion of the right foot. Trials in which the soft (65 dB) 
auditory stimulus was presented are at the left, trials in which the 
loud (85 dB) one was used are at the right. Time is in milliseconds 
after onset of the non-signal stimulus (NSS) or the warning stimulus 
(WS). 


(from 0 up to 350 msec after WS onset, in steps of 50 msec). 
Only significant ANOVA results are reported. 

There are main effects of Condition, F(1,38)=14.71, 
p<0.01, of Intensity Level, F(1,38)=21.84, p<0.01, and of 
Temporal Measuring Points, F(7,266)=10.50, p<0.01. The 
time course of reflexes is different for the two types of WS 
(Intensity Level x Temporal Measuring Points interaction ef- 
fect: F(7,266)=4.56, p<0.01). When the loud stimulus is 
used, there is a clear peak at 100 msec, while a more gradual 
time course can be observed following the soft stimulus, 
both in the reaction time and the passive condition. 

There are significant interaction effects of Condi- 
tion x Registration Side, F(1,38)=4.02, p<0.05, and of Con- 
dition x Temporal Measuring Points, F(7,266)=2.50, p<0.05. 
Thus, the differences between legs and the time course of 
reflexes are both dependent on the task factor. As can be 
seen from Fig. 1, and especially from the loud stimulus data, 
the differences between the reaction time and the passive 
condition are most pronounced during the second part of the 
recording period (from 200 up to 350 msec). Reflexes during 
this second part of the recording period remain elevated in 
the reaction time condition, while they tend to decrease or 
remain at about baseline level in the passive condition. 
Scheffé posthoc tests done on the first 4 and the last 4 
measuring points, respectively, reveal that the Condition 
main effect is due, indeed, to the values observed during the 
second part of the recording period (value of contrast for last 
4 measuring points: 0.86, Scheffé critical s: 0.44, p<0.01). 
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FIG. 2. Mean T reflex amplitudes in condition III. The short audi- 
tory stimulus (100 msec) is at the left, the long one (200 msec) at the 
right. The required response was a plantar flexion of the right foot. 


Student f-tests were carried out on the data to see 
whether reflexes during the foreperiod differed from the 
baseline (100%) level. In condition I, reflexes following the 
soft stimulus do not differ from baseline, except in the left leg 
at 0 and 250 msec (t=—4.79, df=19, p<0.01 and r=2.10, 
df=19, p<0.05). Reflexes following the loud stimulus show a 
significant difference in both legs from 50 up to 250 msec 
(t>2.09, df=19, p<0.05). In condition II, measuring points 
from 50 msec up to 350 msec differ from baseline in both legs 
and for both types of WS, except in the right leg following 
the soft stimulus at 0, 50 and 100 msec (¢>2.19, df=19, 
p<0.05). 


Condition Ill 


Figure 2 displays the results of condition III, where the 
short and long warning signals were used. An SKAXBxC 
ANOVA was carried out on the data, the factors being Du- 
ration, Registration Side and Temporal Measuring Points. A 
main effect of the factor Temporal Measuring Points is pres- 
ent, F(7,133)=6.67, p<0.01, while the factor Duration just 
fails to reach the criterion level, F(1,19)=3.93, 0.05<p<0.06. 

Reflex amplitudes after the short stimulus differ signifi- 
cantly from baseline at all measuring points in the left leg, 
and at 100, 150 and 200 msec in the right leg (t>2.20, df=19, 
p<0.05). When the long stimulus is considered, amplitudes 
in the non-involved (left) leg differ from baseline from 50 
msec onwards and in the involved (right) leg from 100 msec 
onwards (f>2.12, df=19, p<0.05). 


Condition IV 


The results of condition IV are presented in Fig. 3. An 
SxAxBxC ANOVA was performed on the data, the factors 
being Intensity Level, Registration Side and Temporal 
Measuring Points. The factor Temporal Measuring Points 
proves to be significant, F(7,133)=11.88, p<0.01. There is 
also a_ significant interaction effect of Registration 
Side x Temporal Measuring Points, F(7,133)=2.50, p<0.05. 
No Intensity Level main effect is observable in this condi- 
tion. 

Differences between reflex amplitudes and baseline levels 
are significant from 100 up to 350 msec in the left leg and 














FIG. 3. Mean T reflex amplitudes in condition IV. The weak visual 
stimulus (15 cd/m?) is at the left, the intense one (200 cd/m?) at the 
right. The required response was a plantar flexion of the right foot. 


from 150 up to 350 msec in the right leg, when the weak 
stimulus was presented (t>2.18, df=19, p<0.05); significant 
differences after presentation of the intense stimulus are 
found from 50 msec onwards and from 100 msec onwards, 
respectively (¢>2.30, df=19, p<0.05). 


Baseline Levels and Reaction Times 


Control reflex amplitudes in the right and left leg, con- 
stituting baseline levels, do not differ significantly in any of 
the four conditions (*<1.08, df=19, in all conditions). So it 
seems legitimate to compare reflexes evoked during the 
foreperiod in the two legs. 

RTs were calculated per subject after removal of the er- 
roneous responses as described earlier, and averaged over 
subjects in each condition. These grand means are graphi- 
cally presented in Fig. 4. According to a two-way ANOVA, 
there are no significant differences in RTs between or within 
conditions. Standard errors of the mean RTs and mean per- 
centages of correct responses are given in Fig. 4 as well. 


DISCUSSION 


The louder of two auditory non-signal stimuli has a clear 
facilitating effect upon T reflex amplitudes observed up to 
250 msec after stimulus onset, while no significant increase is 
present following the softer stimulus. These results are com- 
patible with the findings of Davis and Beaton [10]. Facilita- 
tion reaches a peak at 100 msec for the loud stimulus. Beale 
[1] examined the knee-jerk and found a first peak at a similar 
latency. He ascribed this peak to the influence of descending 
neural activity on the alpha motoneurons in the spinal cord, 
as the latency of 100 msec would, in his opinion, not allow 
afferent activity due to activation of the gamma system to 
play a role. Apart from such an argument, there is ample 
evidence showing that reflex potentiation in general occurs 
independently of the fusimotor system [20]. In addition, it 
appears that during preparation for a movement there is no 
activation of fusimotor neurons at all, at least when there is 
no concomitant EMG activity in the involved muscle [8]. 
This points to either the mechanism of alpha-gamma coacti- 
vation, or the influence of a central process on the alpha 
motoneurons alone as a modulator of reflex gain. 

When the stimulus is given signal value and comes to 
serve as a WS ina RT experiment, results comparable to the 
passive condition are obtained during the first 150 msec after 
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FIG. 4. Mean reaction times over correct responses for conditions 
II-IV. Standard errors of the mean are indicated by vertical lines. 
Percentages of correct responses are given in the bars. 


WS onset. This finding contrasts with the results of Semjen, 
Bonnet and Requin [19], who found differential effects of a 
click on H reflex amplitudes, dependent on whether the click 
was presented alone or served a warning function. But here, 
foreperiod duration, which was only 300 msec in the latter 
study, is probably a confounding factor. 

From 200 msec onwards, reflexes are found to be larger 
than during the same period in the passive condition, thus 
revealing the contribution of a task factor to reflex enhance- 
ment as early as a few hundred milliseconds after the begin- 
ning of the foreperiod. This finding is compatible with the 
results of Bonnet [5], as far as the initial facilitation was 
found to be task dependent. His assertion, however, that 
these initial effects, up to 300 msec after the WS at least, 
‘are probably not connected with motor processes of prep- 
aration in the strict sense’’ needs further exploration. A clear 
distinction between what are called attentional processes on 
the one hand, and motor preparation on the other hand, can 
not easily be made on the basis of these experiments. 

Our results: suggest the presence of a general arousal 
process triggered by the WS, to which after a few hundred 
milliseconds the impact of a task related process is added. 
The fact that from 150 msec onwards after the loud WS in 
condition II, reflex amplitudes are smaller in the involved 
than in the non-involved leg gives more credence to this 
suggestion. In a former study [7], it was found that during a 4 
sec foreperiod, reflex amplitudes in the leg involved in the 
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response were smaller than in the non-involved leg. This was 
interpreted as a first index of specificity in the preparatory 
process, because it was found in the left leg preceding a left 
sided response and in the right leg preceding a right sided 
response. Since in the present experiment only right sided 
responses were studied, we are inclined to interpret the con- 
sistently smaller amplitudes in the right leg in a similar way, 
although statistical significance is reached only in condition 
Il. 

The results of condition III show that the time course of T 
reflexes may also be influenced by the duration of an audi- 
tory WS, although the observed effect is small and not highly 
significant. It is conceivable that rate of change of a warning 
signal is a more important characteristic in determining the 
amount of reflex facilitation than total energy in the stimulus, 
as was proposed by Graham [12] with regard to the human 
startle response. 

In condition IV, no effect of stimulus intensity is found in 
the visual modality. Perhaps the chosen intensities were, 
although clearly discriminable, too proximate to produce any 
effect. An important result of this experiment is the gradual 
increase of reflexes which is observed after both visual warn- 
ing stimuli. We would like to suggest that this different time 
course is due to the delayed onset of the facilitation that is 
present here, as compared with the immediate rise seen after 
the auditory warning signals. The general arousal triggered 
by the WS and the preparatory process, both giving rise to a 
reflex increment, can be thought to coincide during the later 
part of the recording period. The delay in the visual modality 
is consistent with the notion of an ‘‘immediate arousing ef- 
fect’’ of auditory stimuli, stemming from reaction time re- 
search [3]. This modality effect is probably not restricted to 
changes at the spinal level, as a widespread increase in ex- 
citability of cortical neurons in both sensory and motor sys- 
tems has been found after presentation of a non-habituated 
stimulus in the cat, showing a longer delay for visual stimuli 
of about 30 msec [17]. An alternative hypothesis is that it is 


not the modality effect which is of major importance in de- 
termining the difference in slope between the curves of con- 
ditions I, II, or III and of condition IV, but that it is simply a 
matter of stimulus intensity, which could have been at the 
lower end of the scale for both the weak and the ‘intense’ 
visual warning. The high degree of similarity between the 
curve following the soft auditory WS (Fig. 1) and both curves 
following the visual WS (Fig. 3) makes this explanation 
plausible. 

Physical WS-parameters have no effect on RT in our ex- 
periments. This corroborates the results of Gaillard [11], 
who in a CNV study employing a 3 sec foreperiod, found no 
effect of WS modality on RT. On the other hand, Loveless 
and Sanford [14] did find an effect of WS intensity (auditory) 
on RT, but in their study, the WS was continuously pre- 
sented during the foreperiod. In other studies, both negative 
[2] as well as positive [13] correlations between WS intensity 
and RT were reported for short as well as long foreperiod 
durations. It should be noticed, however, that in all four 
conditions of the present experiment, the reflex-eliciting 
stimulus applied during the foreperiod could have had the 
unwanted effect of serving as an extra warning, thereby 
possibly obscuring the differential effect on RT, due to the 
WS itself. 

Taken together, our results support the view that the 
process of preparation as measured by T reflexes in a RT 
task is manifest early during the foreperiod; it seems to go 
along with or follow shortly after the effects due to the alert- 
ing properties of the warning signal per se. 
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WATANABE, S., H. NAKANISHI, S. SHIBATA AND S. UEKI. Changes in amygdaloid afterdischarges and kindling 
effect following olfactory bulbectomy in the rat. PHYSIOL. BEHAV. 28(4) 687-692, 1982.—Changes in the thresholds for 
afterdischarges and the formation of kindling effect in the medial amygdala following olfactory bulbectomy were investi- 
gated in the rat with chronic electrode implants. The threshold for afterdischarges in the amygdala of the olfactory 
bulbectomized rat (OB rat) was significantly decreased on day 4 after olfactory bulbectomy, however, no significant 
difference was found between OB and sham operated rats on days 7, 14 and 21 since the threshold in the sham group was 
also decreased at these periods after the surgery. The formation of kindling effect was remarkably accelerated in the OB 
rats. In this case, the number of days required to reach the stage 1 (Racine’s classification) was significantly shortened. 
These results suggest that the activity of the medial amygdaloid nucleus is increased following olfactory bulbectomy 
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IT IS well known that afterdischarges are easily induced by 
electrical stimulation in the limbic system such as the amyg- 
dala [10]. Kindling effect was also found at this brain region: 
i.e. repeated electrical stimulation of constant strength at 
regular intervals causes a slight response at first which de- 
velops gradually to final generalized convulsions [4]. 

Several studies have been reported which examine the 
relationship between amygdaloid activity and aggression by 
measuring the threshold for afterdischarges and/or the kin- 
dling effect in the amygdala. Adamec [1] observed that the 
amygdaloid activity in the rat-killing cat was lower than that 
in the non-killer, while McIntyre [7] and Harry and Racine 
[5] suggested that the amygdaloid nucleus did not play a 
significant role in the manifestation of mouse-killing behav- 
ior (muricide) in the rat since the threshold for afterdis- 
charges in the amygdala of spontaneous mouse-killers 
showed no significant difference from those of non-killer 
rats. 

On the other hand, bilateral olfactory bulbectomy in rats 
has been shown to cause muricide [17]. The amygdaloid nu- 
cleus, particularly the medial nucleus, seems to have a 
facilitatory effect in the induction of muricide by olfactory 
bulbectomy because muricide in the olfactory bulbectomized 
rat (OB rat) is suppressed by destruction of the medial nu- 
cleus of the amygdala [14]. Further, a direct microinjection 
of noradrenaline (NA) or tricyclic antidepressants into the 
medial amygdala suppressed the muricide [18]. The mech- 
anisms involved in functional changes in the amygdaloid nu- 
cleus induced by olfactory bulbectomy remain to be eluci- 
dated. 


The present experiment was undertaken to investigate the 
changes in the activity of the amygdala following olfactory 
bulbectomy by examining the effect of bilateral olfactory 
bulbectomy on the threshold for afterdischarges in the me- 
dial amygdaloid nucleus and on the development of kindling 
effect. 


METHOD 


Animals 


Male Wistar King A strain rats weighing 200-250 g at the 
beginning of the experiment, supplied by Kyushu University 
Institute of Laboratory Animals, were used. Animals were 
housed in groups in an air-conditioned room at 22+1°C with 
a 12 hr light-dark schedule (lights on at 7:00). Food and water 
were given ad lib during the experimental period. Rats were 
transferred to individual cages after olfactory bulbectomy or 
sham operation. 


Surgery and Experimental Procedure 


The animal’s head was fixed in a stereotaxic instrument 
under pentobarbital-Na (40 mg/kg IP) anesthesia, and a bipo- 
lar stainless steel electrode (tip diameter 0.2 mm; uninsulated 
length 0.2 mm; polar distance 0.7 mm) was chronically im- 
planted in the medial nucleus of the amygdala (A: 6.0, L: 3.5, 
H: —3.5) and the frontal cortex (A: 8.5, L: 1.0) on the same 
side according to Kénig and Klippel’s brain atlas [6]. The 
experiment was commenced after a 10-day recovery period. 
The medial amygdala was stimulated several min after the 
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animals were transferred to an open-topped Plexiglas cage 
placed in a sound-proof shielded cage. The animals were 
allowed to adapt themselves to the new environment and 
became calm, prior to stimulation. Behavior of the animals 
was observed through a transparent plastic window on the 
sound-proof shielded cage. The electroencephalogram 
(EEG) and afterdischarges were bipolarly recorded on a 
polygraph. The threshold for afterdischarges in the amygdala 
was measured twice before olfactory bulbectomy or sham 
operation, and once on days 4, 7, 14 and 21 after surgery. 
Square pulses (0.5 msec, 50 Hz) were given for 5 sec at an 
interval of 30 min. For threshold measurement before the 
operation, a stimulus of 80 wA was given at first, and once 
afterdischarge was induced, a 60 uA stimulus was given. If 
afterdischarge was not induced by 60 A stimulus, a medium 
strength, 70 wA stimulus was applied. A 100 wA stimulus 
was given if the first 80 wA stimuli failed to cause afterdis- 
charge. When an afterdischarge was induced by stimulus, 
the third trial was made with a 90 wA stimulus. On the forth 
trial and thereafter, the stimulating current was increased or 
decreased by 3 wA until the minimum current eliciting amyg- 
daloid afterdischarge of constant duration (about 70 sec) was 
obtained. For observation after surgery, a stimulus with a 
strength 3 uA lower than control threshold was given first. 
Thresholds were obtained in a similar way with preopera- 
tional measurement by increasing the stimulus by 30 uA if no 
afterdischarge appeared and by decreasing the stimulus by 
20 wA if afterdischarge appeared. EEG recordings and 
muricide tests were carried out prior to threshold measure- 
ment at each time. Muricide was regarded as positive if the 
rat bit a mouse to death within 3 min after a mouse was 
introduced into the rat’s home cage. 

Electric stimulation with a constant strength (50 Hz, 0.5 
msec, 60 uA) was applied to the medial amygdala for 5 sec 
once a day from day 4 after the olfactory bulbectomy or 
sham operation until a kindling effect was established. EEG 
recordings and muricide tests were carried out prior to 
amygdaloid stimulation. Rats in both OB and sham groups 
were housed individually after surgery. 

Development of the kindling effect was measured and re- 
corded under the following five stages according to Racine’s 
method [12]. 

Stage 1: Mouth and facial movement; Stage 2: rhythmic 
head nodding; Stage 3: forelimb clonus; Stage 4: Rearing; 
Stage 5: Rearing and falling. 


Data Analysis 


Results of threshold experiment and kindling effect exper- 
iments were analyzed by Student’s f-tests and Mann- 
Whitney U-tests, respectively. One-tailed Fisher’s exact 
probability test was used for the analysis of the incidence of 
muricide. 


Histology 


After completion of the experiment, the animals were 
anesthetized with ether, and their brains were perfused with 
a 10% formalin solution through the carotid arteries. The 
brain was removed, fixed, and 50-60 yu frozen sections were 
prepared and stained with cresyl violet. The extent of olfac- 
tory bulbectomy and the site of the electrodes were verified 
histologically. If the electrodes were not located in the 
proper position or the extent of olfactory bulbectomy was 
not appropriate, the results from these rats were discarded 
from the data. 
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FIG. 1. Changes in threshold for amygdaloid afterdischarges and 
incidence of muricide following olfactory bulbectomy. (a) Afterdis- 
charges. Ordinate: threshold for amygdaloid afterdischarges (uA). 
Abscissa: the day after olfactory bulbectomy. Arrow in each figure, 
time of surgery for olfactory bulbectomy and sham operation, re- 
spectively. (b) Muricide. Ordinate: incidence of muricide (%): 
Abscissa: the day after olfactory bulbectomy. 


RESULTS 
Changes in Threshold 


The rats moved around the cage showing exploratory be- 
havior for a while after they were transferred to the shielded 
cage from the home cage. After 5-10 min the animals 
adapted to the new environment and continued to sit in one 
corner of the cage. During this period, the amygdala was 
stimulated electrically. The threshold for amygdaloid after- 
discharges before surgery was about 70 wa. Amygdaloid af- 
terdischarges were consistently obtained by electrical stimu- 
lation with this current. The duration of afterdischarges was 
approximately 70 sec. 

The amplitude of the EEG of the amygdala was decreased 
by olfactory bulbectomy, no remarkable change was found 
in the EEG of the cortex. Threshold for afterdischarges was 
significantly lowered to about 50 wA 4 days after olfactory 
bulbectomy relative to the sham group (p<0.05) (Fig. 1-a) 
(Table 1). Thresholds in the sham group, however, gradually 
decreased with repetition of stimulation and only slightly 
lower values in comparison with those of sham group were 
observed in the OB rats on day 7 (p<0.20). No significant 
difference was found between the OB and sham groups on 
days 14 and 21 (Fig. 1l-a, Table 1). 
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TABLE | 


CHANGES IN THRESHOLD OF AMYGDALOID AFTERDISCHARGES FOLLOWING OLFACTORY 
BULBECOTOMY IN THE RAT 





Thresholds (mean + 


before 


Group N 


SD) uA on successive test 
after 


14d 





OB 69.9 + 9.3 
Sham 68.6 + 8.8 





*p <0.05 (Student’s /-test). 


Duration of the afterdischarge became longer when more 
measurements were repeated for both groups, together with 
increased amplitude of the discharges. Generalized convul- 
sions were observed in both groups on days 14 and 21 after 
surgery. Spontanous spike waves were also observed in the 
EEG of the amygdala and cortex during this period (Fig. 2-b, 
F, G). The incidence of muricide was 83% on the day 4 and 
reached 100% on day 21 after surgery (Fig. 1-b). No muricide 
was Observed in the sham group throughout the experiment. 
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Kindling Effect 


A 60 A stimulus was applied to the medial nucleus of the 
amygdala once a day from day 4 after the surgery to form a 
kindling effect. Slight afterdischarges in the amygdala were 
observed (duration approximately 10 sec) from the first 
stimulation with this strength in both the OB and sham 
groups. Seizure discharges were also observed in the frontal 
cortex (Fig. 2-a). While the afterdischarges were low in both 
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FIG. 2. Development of afterdischarges and changes in EEG on successive daily stimulation in the OB rat. Classification of each stage was 
made according to Racine’s method (see text for details). (a) Afterdischarges. A: stage 0 (the Ist stimulation); B: stage 1; C: stage 2; D: stage 
3; E: stage 4; F: stage 5. AM: amygdala; FC: frontal cortex. Vertical bar 200 1 V, horizontal bar, 10 sec. (b) EEG. A: intact; B: stage 0 (the 
Ist stimulation on the 4th day after olfactory bulbectomy); C: stage 1; D: stage 2; E: stage 3; F: stage 4; G: stage 5. AM: amygdala; FC: 


frontal cortex. Vertical bar, 50 ~V, horizontal bar, | sec. 
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TABLE 2 


CHANGES IN AMYGDALOID KINDLING EFFECT FOLLOWING 
OLFACTORY BULBECTOMY IN THE RAT 





The Number of days (mean + SD) spent in each stage 


Group 


5 





OB 
Sham 





*n<0.001. 
tp<0.005. 
¢p<0.05 (Mann-Whitney U test). 


voltage and frequency at the beginning, two-phase patterns 
in which relatively high frequency discharges (3-5 Hz) ap- 
peared immediately after stimulation and then shifted to low 
frequency discharges (1-2 Hz) were frequently seen after 
reaching stage 1 when oral behavior (mouth movement) was 
demonstrated. The duration of afterdischarges was about 15 
sec after beginning of stimulation and with subsequent re- 
peated stimulation, the duration of discharges elongated con- 
comitantly with an increase in amplitude. When stage 3 was 
reached in which foreleg convulsions occurred, discharges 
became of constant duration (approx. 80 sec) and amplitude. 
In stages 4 and 5 when generalized convulsions were fre- 
quently observed, discharges were found between convul- 
sions. The amplitude of spontaneous EEG in the medial 
amygdala was lowered by olfactory bulbectomy (Fig. 2-b, F, 
G) but such change was not observed in the frontal cortex. 

Development of the kindling effect, measured by Racine’s 
method, is shown in Table 2. The number of days required for 
the establishment of kindling was significantly shortened by 
olfactory bulbectomy to 8.3+1.3 days for the OB group and 
11.3+1.5 days for the sham groups (p<0.005). More specif- 
ically, the number of days required to reach stage 1 was most 
remarkably reduced by olfactory bulbectomy; 1.7+0.5 days 
was required in the OB group compared with 4.7+1.4 days in 
the sham group (p<0.001). Some cases in the OB group 
reached stage | at the first stimulation. The second signifi- 
cant reduction was shown in the number of days from stage | 
to stage 2 (p<0.05). No significant difference was shown in 
the number of days required to reach stage 3, 4 and 5 be- 
tween the OB and sham group (Table 2). 

The duration of discharges in the OB group was longer 
than that in the sham group from the beginning of stimulation 
to day 7, particularly at the beginning (Fig. 3-a). However, 
no difference in the duration of discharges was observed 
between the two groups, when they were compared at each 
stage (Fig. 3-b). 

The incidence of muricide was 71.4% on the day when 
stimulation was commenced (on day 4 after the olfactory 
bulbectomy), and 100% on the second day. Only one of 
seven rats in the sham group manifested muricide on day 4 
after the initiation of stimulation. 


DISCUSSION 


The threshold for amygdaloid afterdischarges in rats was 
significantly decreased to 75% of control on day 4 after olfac- 
tory bulbectomy. While the stimulus threshold in OB rats on 
day 7 was about the same.as that on day 4, differences be- 
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FIG. 3. Changes in afterdischarge duration on successive daily 
stimulation following olfactory bulbectomy and afterdischarge du- 
ration on each stage of kindling in the rat. (a) Changes in afterdis- 
charge duration. Ordinate: afterdischarge duration (sec); Abscissa: 
successive days of stimulation. (b) Afterdischarge duration on each 
stage of kindling. Ordinate: afterdischarge duration (sec); Abscissa: 
stages of kindling. 


tween the OB and sham groups became insignificant as the 
threshold in the sham group decreased. No significant differ- 
ence was observed between the two groups on days 14 and 21. 
The reduction in the threshold to stimuli in the sham group 
following repeated stimulation may be due to the kindling 
effect [11,16]. The duration of afterdischarges became longer 
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and behavioral convulsions also took place frequently along 
with the reduction of threshold. However, the marked re- 
duction in the threshold at 4 days of the OB rat, is obviously 
caused by the olfactory bulbectomy itself. 

It has been shown that the amygdaloid afterdischarges are 
suppressed by benzodiazepines and that the stimulus 
threshold is increased by these drugs [3]. On the other hand, 
pentetrazol, a central nervous stimulant, decreases the 
threshold for amygdaloid afterdischarges [3]. These facts 
seem to suggest that the rise and fall in the threshold for 
afterdischarge reflect the increase and decrease in the ex- 
citability of these sites. Therefore, the significant reduction 
at the initial phase in the threshold for afterdischarges of the 
amygdaloid nucleus following olfactory bublectomy suggests 
that the excitability of the medial amygdaloid nucleus is in- 
creased by olfactory bublectomy. 

The kindling effect in the amygdaloid nucleus was re- 
markably accelerated by olfactory bulbectomy. Detailed 
examination of the results in each stage according to the 
classification by Racine revealed that the number of days 
(stimulation) required to reach stage 1 was most significantly 
reduced and the reduction in the number of days between 
stage | to 2 was also significant. No significant difference 
from the sham group was found in the days required to reach 
subsequent stages. The duration of amygdaloid afterdis- 
charges was remarkably increased on day 2 after the com- 
mencement of stimulation in the OB group, and reached 
about 85 sec on day 4 without showing further prolongation 
thereafter. While in the sham group, the duration of afterdis- 
charges gradually became longer reaching about 80 sec on 
day 8. These results showed that only the initial phase of 
kindling effect was significantly accelerated by olfactory 
bulbectomy. Signs of stage 1 are mouth and face movement. 
Particularly oral behavior is easily induced by electrical 
stimulation of the amygdaloid nucleus [2]. Therefore, it is 
conceivable that quick attainment of stage 1 by the OB group 
suggests that the medial amygdaloid nucleus became readily 
excited by electrical stimulation after olfactory bulbectomy. 
As previously stated, significant reduction in the stimulation 
threshold for the amygdaloid afterdischarges was also ob- 
served in OB rats. Therefore, the electrical stimulation of the 
same intensity can be relatively more effective in OB rats 
than in sham rats and this may account for the facilitation of 
kindling formation in OB rats. 

A high incidence of muricide was observed in the OB 
group reaching its peak at 4-5 days after olfactory bulbec- 


tomy. No muricide was demonstrated in the sham group 
during the experimental period. The amygdaloid nucleus, 
particularly the medial amygdala, has a facilitatory effect on 
this muricide since muricide is suppressed by bilateral de- 
struction of the medial amygdaloid nucleus [14]. As previ- 
ously stated, muricide in the OB rat is suppressed by injec- 
tion of NA into the medial amygdala [18] and facilitated by 
destruction of the dorsal NA bundle which projects to the 
amygdaloid nucleus [9]. The above mentioned facts suggest 
that noradrenergic mechanisms in the medial amygdala play 
an important role in the induction of muricide following ol- 
factory bulbectomy. Recently, it was reported that the turn- 
over rate of NA in the amygdala was markedly decreased by 
olfactory bulbectomy though the content of NA did not 
change [15]. Furthermore, McIntyre er a/. [8] have found 
that the depletion of NA in the amygdala caused by the in- 
jection of 6-hydroxydopamine into this site facilitates the 
amygdaloid kindling. In the present experiments of threshold 
for afterdischarges and kindling effect in the amygdala, it 
was suggested that the excitability of the medial amygdaloid 
nucleus was increased by olfactory bulbectomy. Therefore, 
it is quite reasonable to consider that the changes of activity 
in the medial amygdaloid nucleus caused by olfactory bul- 
bectomy is due to decreased noradrenergic activity in the 
amygdala and this may have facilitatory effect in the induc- 
tion of muricide following olfactory bulbectomy. 

McIntyre [15] and Harry and Racine [10] suggested that 
the amygdala did not play a significant role in the develop- 
ment of muricide based on their experimental results using 
spontaneous killer rats since no significant difference was 
found in the threshold for amygdaloid afterdischarges be- 
tween killers and non-killers. However, it is quite conceiva- 
ble that the mechanism for the manifestation of muricide in 
spontaneous killer rats differs from that of OB rats which are 
primarily non-killers in which muricide is manifested only 
after olfactory bulbectomy. 

It is conclusively suggested that olfactory bulbectomy 
causes an immediate rise in the excitability of the medial 
amygdaloid nucleus at first, then it exerts a facilitatory effect 
on emotional centers such as the hypothalamus to cause 
muricide. 
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HENNING, S. J. AND T. J. ROMANO. Investigation of body temperature as a possible feeding control in the suckling 
rat. PHYSIOL. BEHAV. 28(4) 693-696, 1982.—Under natural conditions, rat pups are deprived of milk only when the dam 
leaves the nest. At this time the body temperatures of the pups will fall. In this study we have investigated the possibility 
that lowered body temperature of the pups stimulates behavioral changes in either the pups or the dam, leading to increased 
milk intake. To study behavioral changes of the pups, the milk intake of warm-fasted, cool-fasted, and fed littermates was 
compared to 10, 14 and 16 days of age. There was no effect of body temperature on milk intake at any age. To study 
behavioral changes in the dam, milk release by dams suckling entire cool litters was compared with that by dams suckling 
entire warm litters. Milk release was not significantly affected by the litter temperature. We conclude that lowered body 
temperature of suckling rat pups does not cause increased milk intake. 


Feeding control Suckling rats Body temperature 


NUMEROUS studies in rat pups have shown that during the 
first two postnatal weeks, suckling behavior is not regulated 
by caloric status [4,14]. During the third postnatal week, 
both suckling and nibbling behavior fall under adult ingestive 
controls. For example, measurement of nipple attachment 
latencies shows no differences between fed and fasted pups 
from birth through 16 days of age [13,15], but from day 17 
onward fasted pups have significantly shorter attachment 
latencies than do fed pups [13,15]. When the milk intake of 
fed and fasted pups is determined, there are small differences 
during the first postnatal week [16], no differences during the 
second week [11], and large adult-like differences during the 
third week [11]. Furthermore, the stimulatory effect of 
glucoprivation [12] and the inhibitory effect of the putative 
satiety signal cholecystokinin [3] on suckling are not seen 
until the third week of life. 

Given that these adult ingestive controls do not seem to 
operate during the early suckling period, the question that 
remains is whether there is an alternate mode of control of 
suckling behavior at this time. One possibility is that lowered 
body temperature of the pup acts as a stimulus to suckling 
and, thus, as a primitive hunder mechanism. Infant rats are 
well known for the inadequacy of their thermoregulatory 
mechanisms [1]. During the first two weeks of life, internal 
regulation of body temperature is quite immature [2, 7, 21, 
22] and the principal response to cool ambient temperatures 
is the behavioral phenomenon known as huddling [2,9]. Al- 
though huddling is an effective means of reducing heat loss 
for short periods of time in temperate environments [2], it is 


Maternal behavior 


not sufficient to ensure homeothermy of the litter during 
prolonged absence of the dam. Thus, in free-living rats, the 
only time the entire litter is food-deprived is when the dam 
leaves the nest, and if she is away for long, their body tem- 
peratures will decline. In addition, a single pup may become 
food-deprived by straying from the nest, and in this case 
body temperature will fall very rapidly. In either situation it 
would be an advantage to the pup if lowered body tempera- 
ture acted as a stimulus to suckling behavior. 

In most studies of the control of suckling behavior, the 
design has been such that body temperature was not a vari- 
able. Pups have typically been fasted either in a warm en- 
vironment [5,13] or with a non-lactating foster mother [11, 
12, 16] so that their body temperatures did not differ from 
those of non-deprived pups. In one study, however, it 
was noted that at 10 and 14 days of age, cool-fasted pups had 
significantly shorter nipple attachment latencies than did 
warm-fasted pups [15]. Such behavior is consistent with the 
hypothesis that lowered body temperature acts as a hunger 
signal in the suckling rat. One of the aims of the current 
study was to directly investigate this hypothesis by measur- 
ing the milk intake of cool- and warm-fasted pups. 

Another way that lowered body temperature may serve to 
regulate food intake in the suckling rat is via maternal re- 
sponses. The studies of Leon et a/ [20] have shown that 
suckling is normally terminated by the dam as a result of an 
increase in maternal temperature during the course of the 
suckling bout. Thus, when the dam returns to the nest after a 
prolonged absence, the lowered temperature of the litter may 
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elicit a correspondingly long suckling bout. This would allow 
compensatory feeding and would obviate the need for inde- 
pendent ingestive controls in the pups. The second aim of the 
current study was to investigate this possibility by determin- 
ing the response of the dam to cool- and warm-fasted litters. 


METHOD 


Animals 


Timed-pregnant rats of the Sprague-Dawley strain 
(Charles River CD) were obtained from Charles River Lab- 
oratories, Inc., Wilmington, MA. They were housed individ- 
ually in opaque polystyrene cages with food (Rodent Labora- 
tory Chow 5001; Ralston-Purina Co., St. Louis, MO) and 
water available ad lib. Animal quarters were air-conditioned 
(23+1°C) and had a 12-hr light/12-hr dark cycle with lights on 
at 0400 hr. On the due date, cages were checked every 2 hr 
for the presence of pups. The birth date was designated day 
0. Litters were reduced to 6-8 pups approximately 24 hr 
postpartum. Except where specified, pups were kept with 
their mothers for the duration of the experiments. 


Weight Gain as a Measure of Milk Intake 


Weight gain of individual pups during a 4-hr suckling 
period was used as an indirect measure of milk intake. This 
method was originally described and validated by Houpt and 
Epstein [16] and has subsequently been used in other labora- 
tories [10,11]. To eliminate variability in bladder fullness at 
the beginning of the test period, urination was induced by 
stroking the urinary papilla with a tissue. After bladder emp- 
tying, all pups were weighed to the nearest 0.1 g on a pro- 
grammable top-loading balance specifically designed for 
weighing small animals (Model 1202 MD, Sartorius, 
Westbury, NY). They were then placed with the experi- 
mental mother for a 4-hr feeding period in a regular poly- 
styrene cage containing water but no chow. Pups were re- 
weighed at the end of this period and milk intake (g) was 
calculated as the difference in the two weights. The suckling 
test period always began 4 hr after the onset of the 12-hr light 
cycle. The test cages were kept in the animal quarters where 
the ambient temperature was 23°+1°C. 


Experimental Conditions 


For warm-fasting, groups of 6-8 pups were placed in insu- 
lated containers with fresh bedding. The containers were 
bowl-shaped and had a base diameter of 15 cm. These fea- 
tures ensured that the pups remained in a huddle throughout 
the fasting period. For cool-fasting, each pup was place in a 
small plastic container (18x98 cm) with a perforated lid 
and no bedding. All containers were placed in the animal 
quarters for the duration of the fast. 

Pups to be tested in the fed state were removed from the 
experimental mother 12 hr prior to testing and were placed 
with a nursing mother for this period. The nursing mother 
was a dam with a litter the same age as the experimental 
litter. Her own pups were removed for the period during 
which she acted as a foster mother for the experimental 
pups. Removal of all pups from the experimental mother 
before the testing period allowed milk to accumulate, thus 
ensuring that milk intake is limited by suckling behavior 
rather than by milk availability [10]. 
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Statistics 

All results are reported as means+SE. The number of 
pups in each experimental group is indicated in the figure 
legends. Statistical significance of differences between 
means was assessed by Students t-test for independent vari- 
ables. 


RESULTS 


It has previously been observed that at 10 and 14 days of 
age, cool-fasted pups have significantly shorter nipple at- 
tachment latencies than do warm-fasted pups [15]. The short 
latencies of cool-fasted pups could reflect a search for food 
or merely a search for warmth. If the former is the case, then 
measurements of milk intake should show greater intake by 
cool-fasted pups than by warm-fasted pups. The data from 
our measurements of milk intake in pups aged 10, 14 and 16 
days are shown in Fig. 1. The lower panel of this figure 
shows that on day 10 and 14, the cool-fasted pups had signif- 
icantly lower body temperatures than did the warm-fasted 
pups (p<0.001 and p<0.005, respectively). However, there 
were no differences in the milk intake of the two fasted 
groups at any tested (p >0.4 in all cases). Likewise, at 10 and 
14 days of age, the milk intakes of fed pups were not signifi- 
cantly different from those of either fasted group (p >0.05 in 
all cases). At 16 days of age, the milk intake of fed pups was 
significantly less than that of warm-fasted pups (p<0.05) 
showing the maturation of ingestive control in agreement 
with previous studies [11]. 

In the experiment shown in Fig. 1, each dam nursed her 
own pups during the testing period. Because of the split-litter 
design, this meant that each dam suckled 4 warm pups (2 fed 
plus 2 warm-fasted) and 2 cool pups. The split-litter feature 
was essential for this study because it ensured that the pups 
were the key variables. However, a different design was 
needed to test the alternate possibility that in free-living rats 
the dam allows greater milk intake by a litter which is cooled 
as a result of her absence. For this purpose littermates were 
either warm-fasted or cool-fasted and then were cross- 
fostered for the testing period so that the dams suckled litters 
in which all pups were either warm or cool. 

The response of dams to cool or warm litters is shown in 
Fig. 2. Although there was some variation in body tempera- 
ture among the pups in each litter, the pups with dams A, B 
and C were significantly cooler than those with dams D, E 
and F. Taking the average rectal temperature of the pups in 
each litter, the mean litter temperatures for A, B and C was 
26.6+ 0.06°C (n=3) and that for D, E and F was 29.9+0.35°C 
(n=3), giving p<0.001. It can be seen in Fig. 2 that, in con- 
trast to the prediction of our hypothesis, milk intake by the 
cool pups was less than that by the warm pups. Once again, 
assuming the dam is the critical variable and collapsing each 
litter into an average, the mean milk intake by the cool pups 
was 1.73+0.16 g (n=3) and that by the warm pups was 
2.43+0.27 (n=3), giving p>0.05. The pups were also tested 
at 13 and 16 days of age. These data are not presented, 
however, because the mean body temperatures of the litters 
were not significantly different at these ages. Nevertheless, 
at both 13 and 16 days the trend was for the cool pups to 
obtain less rather than more milk during the 4-hr suckling 
period. 


DISCUSSION 


The studies reported here have shown that lowered body 
temperature does not stimulate suckling behavior in the in- 
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FIG. 1. Effect of body temperature on milk intake in rats of various 
ages. Eight litters of 6 were used for this experiment. To avoid 
deleterious effects of repeated fasting, 4 of the litters were tested at 
10 and 16 days of age, and the other 4 litters were tested only at 14 
days of age. For testing each litter was divided into three pairs of 
pups which were either: fed (—@®—); warm-fasted (---O---); or cool- 
fasted (---A---). In this experiment the length of the fast was 12 hr. 
All data are given as means+SE for the 8 pups tested in each condi- 
tion at each age. Rectal temperatures were taken immediately before 
the 4-hr testing period. All pups were tested on their own mother. 


fant rat. The fact that cool-fasted pups had the same milk 
intake as warm-fasted pups indicates that the short nipple 
attachment latencies previously observed with cool-fasted 
pups [15] represent a search for warmth rather than for food. 
The ability of the infant rat to seek warmth is well estab- 
lished. Fowler and Kellogg [9] showed that pups aged 6-13 
days preferentially select a testing compartment with a warm 
floor (36—-37°C) over one with a cool floor (23°C). More re- 
cently Johanson [17] has shown that, at least in 3-day old 
pups, the preference for the warm end of a thermal gradient 
is greatly enhanced by removing the pups from the dam 24 hr 
prior to testing. The suggestion that the shortness of the 
nipple attachment latencies of cool-fasted pups aged 10 and 
14 days [15] is due to a search for warmth, is also consistent 
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FIG. 2. Response of dams to cool or warm litters aged 9 days. Six 
litters of 8 were used in this experiment. The litters and their dams 
were designated A-F. All pups were fasted for 16 hr prior to testing 
In each litter, 4 pups were warm-fasted (©) and the other 4 pups 
were cool-fasted (A). All pups were tested on a dam other than their 
own (e.g., dam A nursed 4 pups from litter D and 4 pups from litter 
E, etc.). The pups were distributed such that dams A, B and C each 
nursed 8 pups which were cool-fasted; coversely, dams D, E, and F 
each nursed 8 pups which were warm-fasted. Values for rectal tem- 
peratures (axis) and milk intake (ordinate) of the pups are given at 
means+SE for the 8 pups suckling on each dam. The individual 
dams are identified by letter. 


with the report that rat pups aged 11-12 days display signifi- 
cantly shorter attachment latencies when tested on a warm 
(35°C) dam than on a cool (28—-31°C) dam [19]. 

The failure of cool-fasted pups to ingest more milk than 
warm-fasted pups in our experiments suggests that thermo- 
static control of feeding is not operative in the infant rat. 
Such control is well established in adults where lowered 
body temperature stimulates feeding [19] and elevated body 
temperature depresses feeding [6]. However the stimulatory 
effect of cold in the adult has been found to depend primarily 
on the ambient temperature during feeding rather than the 
ambient temperature during fasting [19]. In our experiments 
only the latter was varied. For all pups the ambient tempera- 
ture during suckling was the natural nest temperature (ap- 
proximately 35°C). Thus our data do not prove that the adult 
mode of thermostatic control of feeding is inoperative in the 
infant rat. To address this question would require studying 
milk intake at artificially-lowered nest temperatures. How- 
ever, our aim was to determine whether lowered body tem- 
peratures of pups stimulate feeding behavior under natural 
suckling condition. The results in Fig. 1 show clearly that 
this does not occur. 

The fact that milk intake was not greater in cool-fasted 
pups as compared with warm-fasted pups is consistent with 
an earlier study in which pups aged 3-15 days provided with 
milk infused through a tongue cannula ingested less milk when 
tested at 23° than when tested at 33°C [18]. When milk was 
obtained from the nipple, the intake of cool pups was not 





signficantly different from that of warm pups (Figs. | and 2). 
Thus the suppressive effect of lowered body temperature 
which is evident when an artificial diet is infused through a 
tongue cannula [18] is peculiar to that testing situation and 
does not operate during normal suckling. 

Our second finding, that milk intake by cool litters is no 
greater than that by warm litters, shows that there is no 
maternally-based compensatory behavior following absence 
from the nest. At first sight, this finding may seem inconsis- 
tent with the report by Leon et a/ [20] concerning the effect 
of pup temperature on the length of suckling bouts. These 
authors showed that the dam normally terminates a suckling 
bout in response to her increasing body temperature, and 
thus that cool pups are allowed to suckle for longer than 
warm pups [20]. The two studies are not directly compara- 
ble, however, because we measured milk intake but not the 
length of the suckling bout, whereas Leon ef a/ [20] meas- 
ured the latter but not the former. Under the conditions 
used in our studies, the milk intake of the litter was probably 
determined primarily by the milk supply of the dam rather 
than by the length of the suckling bout. We have previously 
found (using the same methods) that at 10 days of age, milk 
intake is complete by 2 hr even though suckling continues 
intermittently throughout the 4-hr testing period [11]. 
Moreover, Friedman has shown that the milk intake of pups 
depends on the length of time the dam has been without pups 
prior to testing, i.e., on milk availability [10]. 

The studies reported here add to the spectrum of evidence 
that the suckling behavior of infant rats is not regulated by 
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their caloric status [4,14]. Previous studies have shown that 
during the first two postnatal weeks, nipple attachment 
latencies are not affected by fasting [13,15], nor by cholecys- 
tockinin [3], nor by glucoprivation [12]. Thus it appears that 
suckling behavior is not controlled by any of the three major 
effectors of adult feeding behavior, i.e., thermostatic, 
glucostatic and gastrointestinal factors. On the other hand, it 
is clear that under normal conditions, rat pups obtain an 
appropriate amount of milk and thus that the system must be 
regulated in some fashion. The most reasonable model to 
account for these observations is one in which pups have a 
basic instinct to suckle (meaning that they will suckle 
whenever the dam permits) and that their milk intake is regu- 
lated by milk availability. In this model, suckling will always 
occur when the dam returns to her nest. Furthermore, be- 
cause the amount of milk accumulated is know to depend on 
the length of time the dam has been absent from the pups 
[10], this constitutes an indirect regulatory mechanism for 
the pups: the longer their fast, the greater their milk intake 
when the dam returns. The limits of this regulatory system 
are illustrated by the fact that pups raised in large litters have 
inadequate milk intake [8,23] and artifical reduction of litter 
size causes excessive intake [8] unless the reduction occurs 
within 6 hr of birth [23]. 
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WALLETSCHEK, H. AND A. RAAB. Spontaneous activity of dorsal raphe neurons during defensive and offensive 
encounters in the tree-shrew. PHYSIOL. BEHAV. 28(4) 697-705, 1982.—The general characteristics of these telemetri- 
cally recorded neurons of dorsal raphe, such as firing rate under nembutal anesthesia, reaction to illumination changes or 
acoustic stimuli were comparable to those in the literature. The firing rate of the dorsal raphe neurons increased during 
defensive encounters (+51%+29% S.D.; p<0.005) and defensive fights (+ 113%+91% S.D.; p<0.02) as compared to the 
neuronal activity of the undisturbed resting animal. The fearful interaction of the animal with the experimenter led to the 
strongest increase in the firing rate (+ 187%+114% S.D.; p<0.002) in all animals tested. The offensive animal showed 
decreased neuronal activity during offensive encounters (—21%+ 13% S.D.; p<0.02) and offensive fights (—42%+ 17%S.D.; 
p<0.05) as compared with the neuronal activity of the undisturbed resting animal. These findings indicate the crucial 
importance of the animals appraisal of the situational context for the activity of dorsal raphe neurons. 
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SEROTONERGIC neurons are mainly concentrated in the 
raphe nuclei of the midbrain and the medulla [8, 35, 40]. 
Their rostral parts, the nucleus raphe dorsalis and medialis, 
are shown to have efferent and afferent connections to many 


tigators found this serotonergic system involved in a wide 
spectrum of behavioral and physiological processes. 

Most of these studies were done by pharmacological ma- 
nipulations, lesioning, and electrical stimulation. From the 
outcome of these experiments various hypotheses were 
formed about the neuronal activity underlying physiological 
reactions and behavioral performances [7, 12, 13, 19, 23, 56, 
57]. Compared with these numerous studies only a limited 
number of experiments have been carried out to examine 
directly the electrical activity of neurons in the rostral raphe 
in freely moving animals. The neuronal activity was re- 
corded during spontaneous behavior such as resting, quiet 
walking, and various states of sleep in cats [29, 30, 47], as 
well as the reaction to a variety of drugs in rats [45], and to 
certain stimuli such as illumination changes and acoustic 
clicks in cats and rats [33,56]. 

In spite of the fact, however, that lesions, stimulations 
and pharmacological treatment suggest a role of the raphe 
neurons in predatory, aggressive, and fearful behavior in 
rats, mice and cats [9, 10, 11, 12, 24, 25, 26, 48, 52, 63, 65], 
no recordings of their electrical activity are reported during 
such encounters. This paper presents electrical activity of 
dorsal raphe neurons in the course of aggressive and defen- 





Offense Defense Fear 


sive encounters between male tree-shrews, as well as their 
activity during fearful encounters of the animal with the ex- 
perimentalist. The tree-shrews, which are active during 
day-time, were chosen for these studies because their overt 
and multi-facetted reaction to social conflict is already 
documented [16, 36, 38, 39] and recommends this species for 
subtle investigations. 


METHOD 
Animals and Housing Conditions 


The experiments were carried out with male (180-220 g) 
tree-shrews (Tupaia belangeri). The animals were stock- 
bred or wild-born. Before the start of the experiments they 
were housed singly and in isolation as described previously 
[39]. 


Transmitter Mounting and Electrode Implantation 


The animals were operated under nembutal anesthesia 
(100 mg/kg). They were fixed in a David Kopf Stereotaxic 
Apparatus adapted for tree-shrews. A screw (1 mm diame- 
ter) was lowered in the skull and tightened by a nut. Around 
this screw a socket of dental cement (Paladur, Kulzer Co, 
Bad Homburg, FRG) was formed for the fixation of the 
transmitter and the recording electrode; this screw later 
served as reference electrode. After this manipulation the 
animal was allowed to recover for one week. 
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Thereafter the animals were anesthetized again and fixed 
into the apparatus. A hole was drilled in the midline of the 
skull 3 mm posterior to the bregma (P 3.0; L 0.0). The elec- 
trode aiming at the dorsal raphe (A 0.5—P 1.0; L 0.0; H 7.5) 
was lowered through this hole inclined caudally 20 degrees 
from the vertical. The coordinate system of the brain atlas 
for Tupaia glis of Tigges and Shanta [54] was used, since 
Tupaia glis and Tupaia belangeri are probably variations of 
the same species [28]. The correct location of the serotoner- 
gic cells of the nucleus raphe dorsalis of Tupaia belangeri 
was previously identified within the central gray [40] accord- 
ing to criteria from the literature for rats [8]. During the 
lowering of the electrode, the electrical activity was moni- 
tored on an oscilloscope (Tektronix 502A). Raphe neurons 
were identified by their firing characteristics as previously 
described for anesthetized (nembutal) cats [29]. As there was 
no possibility to readjust the electrode in the course of the 
experiment multi-units were recorded; this increased the 
probability of obtaining neuronal signals for a longer period. 

The recording electrode was of tungsten with a shaft di- 
ameter of 100 um and a tip diameter of about 2 wm; the tip 
was produced by electrolytical etching in a saturated solu- 
tion of potassium cyanide. It was glass insulated with an 
impedance of 1.8-2.5 MQ. If the electrode was removed 
from the brain tissue (after one week of implantation) with- 
out applying any current, there was no alteration in the im- 
pedance. 

The drilled hole was closed with Histoacryl blau (Braun, 
Melsungen, FRG) and the electrode as well as the fm- 
transmitter (40-71-1, F. Haer, Ann Arbor, MI) were fixed on 
the socket with dental cement. Other kinds of connections to 
the socket are not suitable, because tree-shrews are too 
lively and fight ferociously. Power was supplied by mercury 
batteries (Varta, HP 675, FRG). The batteries were mounted 
on the back of the animal with a rucksack made of goat skin. 
The battery was connected to the transmitter by two highly 
flexible leads. 


Histology 


At the end of the experiment the animals were 
anesthetized with an overdose of nembutal, and a direct cur- 
rent (0.5 mA; 5 sec) was passed through the recording elec- 
trode. The brain was removed and placed in fixative [22]. 
After a conventional embedding procedure 20 um coronal 
sections of the midbrain were taken. The mounted slices 
were stained (1 g pyronine G; | g KNa-tartrate in 500 ml 
distilled water; 24 hr), and the recording sites were located 
with the aid of a microscope. 


Experimental Set-Up 


The experiments were carried out in a chamber (2X2 m 
ground floor; 2 m height) with ceiling, floor, walls and door 
consisting of soft iron plates (2 mm thickness). The experi- 
mental cage (100x100 cm ground floor; 50 cm height) was 
placed in the middle of the chamber. An observation tunnel 
(150 cm length), also constructed of soft iron was connected 
to the front of the chamber. The chamber was illuminated 
from above. The signals were transmitted from the antenna 
placed above the experimental cage to a commercially avail- 
able FM-receiver (UKW 2000IS, Radio-Rim, Miinchen, 
FRG) outside the chamber. From the ratio detector of the 
receiver the signal is fed into the oscilloscope, with a 50 Hz 
filter in between. The gain of the neuronal signals by the 
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transmitter was 75 fold. Both the experimental animals and 
the oscilloscope display were monitored using TV-cameras 
(AVC-3250CES, Sony) on a screen and recorded on a tape 
(AV-3670CE, Sony) together with the animals’ noises. 


Experimental Situations 


One tree-shrew (RE) resided permanently in the experi- 
mental cage. When the experimental animal (EA) was intro- 
duced into the cage, the RE was restricted to one half of the 
cage by an opaque wall which could be removed by remote 
control. After introduction the transmitter mounted EA was 
given two days to recover, the RE was then allowed access 
to the EA by partially opening the separation wall. After the 
recording of encounters the animals were separated again. A 
second type of experimental procedure consisted of direct 
confrontation of the EA with the experimenter (EX) himself. 

The reaction of EA to hand claps from EX and also to 
illumination changes during the light phase (light off for 20 
sec) was also recorded and evaluated if the animal had nct 
changed its resting place and posture after the respective 
stimulus, as gross movements are known to alter the neuronal 
activity of the dorsal raphe [39,56]. The neuronal reaction to 
these stimuli was evaluated in the period | sec after the onset 
of the stimulus (phasic response) and for the first 10 sec after 
the stimulus (tonic response). Also in the encounter situa- 
tions only those behavioral reactions during which the EA 
made no gross movements were evaluated. 


Analysis of the Neuronal Activity 


Spike heights were evaluated from the monitor display 
with the aid of a transparent plastic cover on which ampli- 
tudes were marked. Only spike activity with a signal to noise 
ratio greater 3:1 was evaluted. Optimal discrimination of the 
spike activity and its optimal correlation to the behavior of 
the animals was obtained on a 5 msec/cm time base. Spike 
interval times were also determined with the help of time 
scale markings on another plastic cover. The firing fre- 
quency of the neurons for each behavioral item in the course 
of the interaction sequences are presented. The percentages 
of mean deviation from the resting levels were calculated; 
mean values and standard deviations are indicated. Statisti- 
cal evaluation was done by parallel f-test. 


RESULTS 
Location of the Recording Electrodes 


The neuronal activity of the animals was only evaluated if 
recording was possible for more than four days. Twelve 
animals out of 75 subjects implanted met this criterion; three 
of these were discarded because the electrode tip was not 
located in the dorsal raphe. The position of the electrode tip 
of the remaining 9 cases is shown in Fig. 1. 


General Characteristics of the Recorded Activities 


In the evaluated cases recording was possible from 4 to 10 
days. A recording period lasted in the mean for 6 days. In 
spite of the fact that the tip of the electrode presumably 
altered its position relative to the surrounding neurons in the 
course of the experiments the spike interval histograms of 
the resting animals remained fairly constant (Fig. 2). This 
indicates that the activity of the investigated neuron popula- 
tions remained comparable. The findings in the literature 
also indicate a homogenous reaction pattern of dorsal raphe 





RAPHE NEURONS AND AGONISTIC ENCOUNTERS 


FIG. 1. Location of recording electrodes according to the brain atlas 
for tree-shrews [54]. The small dots indicate the distribution of the 
serotonergic neurons [42]. The large dots indicate the position of the 
tips of the recording electrodes. AS aquaeductus sylvii; BC 
brachium conjunctivum; CO cortex; CSR colliculus superior; RAD 
N. raphe dorsalis; B9 N. raphe ventralis. 


neurons in various experimental stiuations [29, 30, 56]. By 
the analysis of spike heights 1-3 neuronal elements, depend- 
ing on the respective record, could be discriminated (Wal- 
letschek and Raab, in preparation). 

The investigated neuron population responded to acousti- 
cal stimulation (hand-clap) with an increase (+ 179+56%; 
p<0.0005) of the firing rate in all animals within the first 
second after the stimulus (phasic response). In the following 
seconds the neuronal activity declined substantially, but re- 
mained increased (+48%+28%; p<0.005) throughout a 10 
sec post-stimulus interval (tonic response) when compared 
to the initial resting activity. 

The reaction to illumination changes was inconsistent and 
weak; this has also been reported in the literature [33]. 


Recording Sequences 


Raphe neuron activity was recorded during five se- 
quences; the first when the EA encountered the experi- 
menter and the remaining four when the EA met the RE and 
reacted or fought either defensively or offensively (Figs. 3, 
5,-8). The neuronal activity was only evaluated if the re- 
spective behavioral item as indicated in Table |. and Fig. 3a 
lasted at least 4 sec. 


Reaction to Experimenter 


The sequence of events and the resulting neuronal re- 
sponses of a single animal are detailed in Fig. 3a (items 1|.1- 
1.5; 10 sequences, 7 animals). The data collected from all the 
animals tested are shown in Fig. 3b. The interaction of EX 
and EA resulted in the most uniform and the strongest reac- 
tion of the neuronal population investigated. The neuronal 
activity increases when the EX enters the experimental 
chamber (item 1.2 compared to item 1.1; +76%+85% S.D.; 
p<0.005). A further increase of the activity is obtained after 
opening the sleeping box (item 1.3; +187%+114% S.D.; 
p<0.002). Insertion of the experimenters’ hand causes the 
highest activity observed in our experiments (Fig. 3a). After 
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FIG. 2. Distribution of spike interval frequencies of a resting tree- 
shrew. Solid line—first day; broken line—third day of continuour 
recording. For comparison the most frequent class of spike intervals 
(100-200 msec) was set to 100% 


closing the sleeping box and while the EX is leaving the 
chamber the activity gradually decreases (item 1.4 compared 
to 1.1; +52%+42% S.D.; p<0.005). It reaches resting values 
not before one to two minutes after the EX has left the 
chamber (item 1.5 compared to 1.1; +7%+13% S.D.). These 
results are shown in Fig. 3a,b. 


Reaction to Another Tree-Shrew 


The neuronal reactions to meeting another tree-shrew are 
listed in Table 1. Offensive and defensive behavior was dis- 
tinguished as previously reported [3, 4, 27]. Offensive dis- 
play of the tree-shrew followed or not by attack is indicated 
by the following features: the tail of the animal is elevated 
and often flicks upwards; there is piloerection on the tail and 
in the neck of the animal. The back is generally raised above 
the level of the head; its low position results from the re- 
tracted forelegs. If the animal does not bite the mouth is 
closed (Fig. 4). Vocalisation consists mostly of ‘‘clicks”’ 
[28], ‘‘Fiepen’”’ [49]. 

The defensive tree-shrew is characterized by a lowered 
tail, which is in line with the back or even lower; there is 
piloerection on the tail. The thoracic girdle is elevated, be- 
cause the forelegs are stretched in an erect manner. The 
mouth is open to different degrees (Fig. 4). If vocalisation 
occurs it consists mostly of *‘squeaks’’ [28], ‘‘Schreie’’ [49]. 

The neuronal responses of the EA during interaction se- 
quences with the RE as itemized in Table | are shown in 
Figs. 5-8. 

Defensive encounter (items 2.1-2.3; 15 sequences, 5 
animals). In all cases evaluated the RE enters the compart- 
ment of the EA. If the RE enters the compartment and ap- 
proaches the defensive EA (item 2.2), the neuronal activity 
increases (+51%+29% S.D.; p<0.005) above the resting 
level (item 2.1). After the RE has left the compartment and 
the EA cowers in the corner furthest away from the opening 
of the two compartments the activity reaches resting levels 
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FIG. 3. a. Typical neuronal activity of dorsal raphe neurons during the interaction of the EA with the experimenter. 1.1 EA rests in 
the sleeping box; 1.2 EX enters the chamber and approaches the sleeping box; 1.3 EX opens the sleeping box and inserts his hand [1], 
removes it [2] and closes the box; 1.4 EX leaves the chamber; 1.5 EX has left for at least two minutes. b. Firing rates of the dorsal 
raphe neurons during the interaction of the EA with the EX. The numbers 1.1; 1.2; 1.3; 1.4; 1.5 indicate the same behavioral items as 
in a. Firing rates for each behavioral item during 10 interaction sequences are presented. The numbers in the bars between the items 
indicate the p-values. Deviation from resting activity (item 1.1) was evaluated statistically. 


TABLE 1 


VARIOUS BEHAVIORAL REACTIONS OBSERVED WHEN TREE-SHREWS (EA) WITH A DORSAL RAPHE ELECTRODE 
MET THE RESIDENT CONSPECIFIC (RE) 





Items: Defensive encounter of the EA with the RE Items: Offensive encounter of the EA with the RE 


.1 EA rests on the floor of its compartment. 3.1 EA rests on the floor of its compartment. 

.2 RE enters and approaches the EA. The EA 3.2 RE enters and approaches EA. The EA shows no 
shows a defensive posture but does not move. defensive posture and does not move. 

RE turns round and leaves. RE turns round and leaves. 

.3 After the RE has left, the EA flees into the corner 3.3 The EA stands up, follows the RE as far as the 
furthest away from the opening between the compart- border of the compartment, stops and watches. 
ments. Activity is evaluated when the animal rests Activity of the watching RE is shown. 
there. 


Items: Defensive fight of the EA with the RE Items: Offensive fight of the EA with the RE 


4.1 EA rests on the floor of its compartment. 5.1 The EA rests on the floor of its compartment. 

4.2 RE enters and approaches EA. .2 RE enters and approaches EA. 

4.3 After a defensive fight of the EA the animal stare .3 After an offensive fight of the EA, the animals 
at each other: nearest distance between the animals stare at each other; nearest distance between 
8-15 cm. the animals 8-15 cm. 

If the EA rests again after the separation from the .4 If the EA rests again after the separation from 
RE the activity is evaluated. the RE the activity is evaluated. 





Numbered items refer to the recording sequences shown in Figs. 5-8. 
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FIG. 4. Postures of an offensive (O) and defensive (D) male tree- 
shrew during an aggressive encounter. For further explanation see 
text. 


(item 2.3 compared to 2.1; +7%+19% S.D.) again (Fig. 5 
a,b). 

Offensive encounter (items 3.1-3.3; 8 sequences, 3 
animals). If the intrusion of the RE results in an offensive 
reaction of the EA the neuronal activity slightly decreases 
below the resting level (item 3.2 compared to 3.1; 
—21%+13% S.D.; p<0.02) when the RE enters the com- 
partment and approaches the EA. After the RE has left the 
compartment and the EA has run to the opening resting 
levels (item 3.3 compared to 3.1; +1%+13% S.D.) are 
reached once more (Fig. 6a,b). 

The following interaction sequences are also of defensive 
or offensive character, but the encounters between the 
animals are more intense and include fighting. 


Defensive fight (items 4.1-—4.4; 4 sequences, 4 animals). If 
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the RE enters the compartment of a defensive EA, the 
neuronal activity increases (item 4.2 compared to 4.1; 
+60% +37% S.D.; p<0.02) above the resting level. When the 
animals stare at each other after a fight provoked by a too 
close approach of the RE to the EA there is a further in- 
crease in activity (item 4.3 compared to 4.1; +113%+91% 
S.D.;p<0.02). After the separation of the RE the EA usually 
moves around for some minutes. When the animal has 
calmed down, indicated by sitting or lying down, resting ac- 
tivity (item 4.4 compared to 4.1; +4%+ 13% S.D.) is obtained 
again (Fig. 7a,b). 

Offensive fight (item 5.1-—5.4; 4 sequences, 2 animals). If 
the RE enters the compartment of an offensive EA, the 
neuronal activity tended to decrease. When the animals stare 
at each other after an offensive attack of the EA there is a 
further decrease below resting level of neuronal activity 
(item 5.3 compared to 5.1; —42%+17% S.D.; p<0.05). After 
the separation of the RE, the EA usually moves around for 
some minutes. When the animal has calmed down, as indi- 
cated by sitting or lying down resting activity (item 5.4 com- 
pared to 5.1 +28%+39% §S.D.) is once more reached (Fig. 
8a,b). 


DISCUSSION 
General Features of the Activity of Dorsal Raphe Neurons 


Our population of raphe neurons is comparable to that 
investigated by other authors. This is firstly demonstrated by 
the histological results; the position of the electrode tips is 
always located within an area known to be rich in serotoner- 
gic neurons [40]. Secondly the neuronal reaction to a specific 
sensory stimulus was consistent with the findings in the lit- 
erature in the cat; the neurons respond to hand-claps and to 
acoustic clicks with an increase of their firing rate of charac- 
teristic time course [56]. 
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FIG. 5. a. Typical neuronal activity of dorsal raphe neurons during a defensive encounter of the EA with the conspecific 
RE. Refer to Table 1 for descriptions of 2.1—2.3. b. Firing rates of the dorsal raphe neurons during 13 defensive encounters 
of the EA with a conspecific RE. The numbers 2.1-2.3 indicate the behavioral items described in Table 1. Statistical 
evaluation is indicated as in Fig. 3b. 
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FIG. 6. a. Typical neuronal activity of the dorsal raphe neurons during an offensive encounter of the EA with a conspecific RE. 
Refer to Table | for descriptions of 3.1—-3.3. b. Firing rates of dorsal raphe neurons during 8 offensive encounters of the EA 
with the conspecific RE. The numbers 3.1-3.3 indicate the behavioral items described in Table 1. Statistical evaluation is 


indicated as in Fig. 3b. 


Our results and the findings of other authors in the cat 
therefore suggest a homogeneous reaction pattern of the 
neurons of the dorsal raphe [30,56]. This assumption is 
further supported by the fact that, even if the position of the 
recording electrode shifted between two interaction se- 
quences (indicated by a change in the distribution of spike 
heights, unpublished) the firing pattern within the interaction 
sequences remained comparable in our experiments. 


Dorsal Raphe Neurons and Reward and Punishment 


Our results and the findings of other authors [1] indicate 


that increased firing rate during defensive behavior seems to 
be a common feature of neurons in the mesencephalic central 
gray. Stimulation in the dorsal part of the central gray 
provokes defensive reactions in the rat, cat and primate [2, 
20, 43]. If these animal species are given the possibility to 
avoid or interrupt such stimulations they will do so with a 
very short latency [2, 20, 43]. 

In the ventral part of the central gray, especially in the 
dorsal raphe nucleus, there are no such clear-cut relation- 
ships. When testing the aversive or rewarding character of 
self-stimulation in the dorsal raphe of the rat by means of a 
shuttle-box technique, it was shown to be neither aversive 
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FIG. 7. a. Typical neuronal activity of dorsal raphe neurons during a defensive fight of the EA with the conspecific RE. Refer 
to Table | for descriptions of 4.1-4.4. b. Firing rates of the dorsal raphe neurons during 4 defensive fights of the EA with a 
conspecific RE. The numbers 4. 1—-4.4 indicate the behavioral items described in Table 1. Statistical evaluation is indicated as in 
Fig. 3b. 
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FIG. 8. Typical neuronal activity of dorsal raphe neurons during an offensive fight of the EA with the conspecific RE. Refer to Table | 
for descriptions of 5.1-5.4. b. Firing rates of dorsal raphe neurons during 4 offensive fights of the EA with the RE. The numbers 
5.1-5.4 indicate the behavioral items as described in Table 1. Statistical evaluation is indicated as in Fig. 3b. 


nor rewarding [42]. Rats with electrodes in the ventral part of 
the central gray show a tendency for self-stimulation [62,64]. 
On the other hand rats could be trained to avoid raphe stimu- 
lation by lever pressing in locations which also produced 
self-stimulation [50]. These results clearly demonstrate that 
the dorsal raphe neurons which increase their firing rate dur- 
ing defensive attack in our experiments do not necessarily 
mediate negative reinforcement. This is further supported by 
the results of dorsal raphe stimulation in cats which leads to 
mild arousal, orientation reactions, and an inhibition of food 
intake with no signs of aversion [17,48]. Electroshocks 
applied by a grid which suppress eating in rats were no 
longer effective after dorsal raphe lesions with the aid of 
5,7-dihydroxytryptamine [57]. It was shown that the same 
kind of lesioning at the same site does not alter pain sensitiv- 
ity in rats [15]. Therefore these observations cannot be ex- 
plained on the basis of reduced pain sensitivity. 

Taken together all these findings are consistent with the 
idea that the dorsal raphe has an inhibitory influence on pos- 
itive external rewards. This point of view is further sup- 
ported by the fact that in serotonin-depleted male rats sexual 
behavior is increased in the presence of a female [44]. 


Dorsal Raphe Neurons and the Arousal Concept 


Using behavioral and electrophysiological criteria authors 
working on cat dorsal raphe propounded a linear scale of 
increasing arousal positively correlated with raphe unit ac- 
tivity [56]. Parts of our findings could be explained with the 


aid of this concept. Arousing situations such as the 
encounter of a defensive animal with a conspecific without 
fighting or in a defensive contest, and the confrontation with 
an experimenter in a situation where it cannot escape in- 
variantly led to an increase of the firing activity. According 
to the above mentioned concept, confrontation with the ex- 
perimenter should be the most arousing situation as it 
produces the most prominent increase of neuronal activity. 


This seems reasonable as the animals were not tame and 
always fled into their sleeping box when the experimenter 
appeared in the chamber. 

These electrophysiological findings are consistent with 
neurochemical data. Electrical stimulation of the raphe 
neurons in the rat increases serotonin metabolism in their 
target regions [14,46] as do arousing situations (e.g., crowd- 
ing) and stressful procedures (e.g., electroshock or im- 
mobilisation) in various species such as mice, rats and tree- 
shrews [12, 31, 34, 36, 37, 53, 59, 63]. 

In the offensive tree-shrew, in contrast, our findings 
argue against the predictions of the linear arousal concept. 
The activity of the dorsal raphe neurons is decreased during 
the staring situations when offensive animals are attacking. 
These offensive animals, however, are highly aroused. 


Dorsal Raphe Neurons and the Appraisal of Social 
Interactions 


Isolated mice have a reduced serotonin metabolism [12, 
59, 60], correlating with an increased aggressiveness during 
encounters with conspecifics. Impairing the function of the 
serotonergic system by drugs increases predatory attack and 
aggressiveness in the rat [9, 12, 21, 44]. Effects of lesions of 
the dorsal raphe also support this view, as they also increase 
muricide behavior and aggressiveness in rats [65]. In particu- 
lar, lesioning of the rostral part of the serotonergic system by 
5,7-dihydroxytryptamine rendered a male rat more aggres- 
sive and dominant in its group within one week [10]. Re- 
duced function of the anterior serotonergic system is obvi- 
ously related to increased aggressiveness. 

On the other hand a subordinate male tree-shrew, which 
shows exclusively defensive reactions, exposed to continu- 
ous visual contact with the dominant male showed an in- 
creased serotonin turnover in the septum and frontal cortex 
[36]. These areas are known to be innervated by the dorsal 
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raphe in widely different species as rat and cat [5, 6, 51, 55, Overt aggression are correlated with the changes of the 
61]; it is therefore reasonable to expect a similar gross inner- neuronal activities in the dorsal raphe during these social 
vation pattern in the tree-shrew. The decreased firing rate of encounters. Also an increase or decrease in the neuronal 
dorsal raphe neurons in the offensive animal and the in- activity during the initial phase of a defensive or offensive 
creased firing rate in the defensive animal—our present fight tends to indicate whether the animal will behave defen- 
findings—conclusively confirm the above mentioned neuro- sively or offensively in the later course of the interaction 
chemical and pharmacological results. sequence. In conclusion, our results and the neurochemical 

The different reactions—fleeing into the distant corner or and pharmacological findings as discussed provide evidence 
pursuing the RE to the opening between the two that the animals’ different appraisal is expressed by the ac- 
compartments—of the EA after social contacts without any tivity of dorsal raphe neurons. 
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SLOTNICK, B. M. Sodium chloride detection threshold in the rat determined using a simple operant taste discrimination 
task. PHYSIOL BEHAV. 28(4) 707-710, 1982.—A method for training rats to lick at high rates for a water reinforcer after 
presentation of one tastant and to inhibit or decrease response rate to avoid a time-out punisher after presentation of 
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operant conditioning technique is simple, efficient, and should prove useful for psychophysical and physiological studies of 


gustation. 


Taste discrimination Taste detection 





TRADITIONALLY, preference tests have been used to 
assess taste function in animal psychophysical and physi- 
ological studies (e.g., [1, 2, 4, 12]). While a reliable prefer- 
ence for one tastant over another provides prima facia evi- 
dence of discriminative ability, this method has serious 
shortcomings when used as a measure of sensory capacity. 
These include the difficulty of assessing the discriminability 
of isohedonic solutions, the fact that preference thresholds 
may be shifted by prior experience with high concentrations 
of the test substance or by postingestional effects, and the 
ubiquitous and persistent position biases that occur in two- 
bottle tests [6,11]. Moreover, for at least some tastants, pref- 
erence thresholds are higher than sensory thresholds [5,1 1]. 

Such considerations have led to the development of in- 
strumental tasks in which the tastant serves as a discrimina- 
tive cue for responding [5, 7, 9]. However, the operant tech- 
niques that have been described have not been widely 
adopted, perhaps because they require special instrumenta- 
tion and extensive training. Recently, we [13] described a 
simple operant method for studies of taste in the rat. Briefly, 
the technique uses licking at a triple-barrel water tube as the 
operant response. Responding at a high rate after delivery of 
one tastant (S*) is reinforced with water while responding 
following delivery of another tastant (S~) is not reinforced. 
This method has a number of advantages: the stimulus deliv- 
ery system is easy to construct, acquisition of simple dis- 
crimination problems occurs rapidly, and the method elimi- 
nates most or all of the disadvantages of preference tests. 
The present report describes several modifications of this 
technique and demonstrates its usefulness for assessing a 
taste detection threshold. 


METHOD 
Subjects 
Three adult male hooded rats were individually housed in 
a temperature- and humidity-controlled vivarium. They were 
maintained on a deprivation schedule of 15 ml of water each 
day and their weight during the course of the study was 
approximately 375 g. 


Apparatus 


A triple-barrel drinking tube was constructed from two 
19-gauge and one 16-gauge stainless-steel tubes held together 
by shrink tubing. For ease in handling, the center part of the 
unit was cemented into a 25-mm long piece of 8-mm diameter 
glass tubing (see Fig. 1). 

Tongue contacts with the tube were detected by a photo- 
beam. An aluminum block was machined to hold the drink- 
ing tube, photobeam light, and photobeam in a fixed config- 
uration as shown in Fig. |. As illustrated, the block was 
drilled so that a narrow (0.8-mm) photobeam passes just 
below the end of the drinking tube. The light source was a 
24-V DC lamp attached to the block by a short piece of 8-mm 
glass tubing. The use of a glass tube eliminated heating of the 
block by the lamp filament. A Radio Shack photocell 
(#276-116) was used, the output of which operated a sensi- 
tive relay. The aluminum block was fitted over a 2-cm wide, 
3-cm high slot in the wall of a test cage. The end of the 
drinking tube was centered along the length of the slot and 
was approximately 10 mm from the inside wall of the cage and 
15 cm above the cage floor. The height of the tube from the 
cage floor and the narrow tongue slot in the aluminum block 
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FIG. 1. Diagrammatic representation of the aluminum block which 
holds the drinking tubes and photocell. 


required the animal to stand on its hind legs and brace itself 
with its forefeet on the cage wall to lick at the tube. While 
licking, the animal’s snout was above the access hole in the 
cage wall and this position minimized the possibility of the 
subject receiving odor cues from the tastants. 

Fluid delivery was controlled by electrically operated 
two-way miniature solenoids (General Valve Corp., Series | 
teflon-body valves). Three liquid reservoirs (20-cc syringes) 
were connected to the in-ports of separate solenoids. The 
out-ports of the solenoids were connected to the barrels of 
the drinking tube. Connections were made with medical- 
grade tygon tubing. The duration of the electrical pulse to the 
solenoids and the height of the reservoirs were adjusted so 
that a 0.005-cc sample of fluid could be delivered through the 
19-gauge (stimulus sample) barrels and a 0.02-cc sample 
through the 16-gauge (reinforcement) barrel of the drinking 
tube. 


Discrimination Training 


A discrete trial go, no-go discrimination training proce- 
dure was used in which licking at the tube served as the 
operant. An attending response, defined as eight licks, re- 
sulted in presentation of the positive (S*) or negative (S~) 
tastant. On positive trials a 0.02-cc water reinforcement was 
contingent upon completing a DRH (differential reinforce- 
ment of high rates) requirement (making 8 licks within 1.5 sec 
after delivery of S*). Completion of the DRH after presenta- 
tion of S~ resulted in a three-sec time-out period signaled by 
illumination of a house light. Responses during the time-out 
resulted in re-setting the time-out clock. No intertrial inter- 
val was programmed and at the end of a trial the next trial 
could be initiated by an attending response. 

Animals were initially trained to detect a 1% NaCl solu- 
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tion. The tastant served as S~ and deionized water served as 
S*. Positive and negative trials were programmed by a 
probability generator and 200—400 trials were allowed in each 
session. Discrimination accuracy was determined from suc- 
cessive 20-trial blocks (10 S* and 10 S~ trials). Both errors of 
commission (completing the DRH requirement after delivery 
of S~) and omission (not completing the requirement after 
delivery of S*) were scored. No shaping or pretraining pro- 
cedures were used and on the first training session animals 
began responding at a high rate after several reinforcements 
were delivered. Two-hundred trial sessions were completed 
in 10-15 min and two or more sessions (separated by 15 min 
or more) were given on each day of training. After the last 
daily session the animal was given 15 ml of water and the 
next session was given 18-24 hrs later. 


Sodium Chloride Detection Threshold 


Threshold was determined using an modified descending 
method-of-limits procedure. After performance on the 1% 
NaCl detection problem was stable at an 80-100% level of 
accuracy, the concentration of the tastant was reduced for 
the next test session. If discrimination accuracy in the last 
100 trials of the test session was 75% or better, the concen- 
tration was again reduced in the next session. This 
procedure was continued until discrimination accuracy was 
below 75% on three successive sessions for a given concen- 
tration. Concentrations used in this test series were 0.1%, 
0.05%, 0.01%, 0.005%, and 0.001% (17 mM, 8.5 mM, 1.7 
mM, 0.85 mM, and 0.17 mM). Deionized water was used as 
the solvent. 


Discrimination of Isohedonic Solutions 


After completion of the detection threshold test, one rat 
was trained to discriminate a 6.9% glucose solution from a 
4.8% solution of sucrose. The tastants and concentrations 
were taken from data provided by Guttman [3], which 
demonstrated that these solutions are isohedonic for the rat. 


RESULTS 
Acquisition of the Detection Problem 


The acquisition function for one rat, which is representa- 
tive of the performances of all rats in this study, is shown in 
Fig. 2. Note that discriminative behavior emerges in the first 
session but stable performance at 80—100% accuracy level is 
not achieved until Session 4. More than 90% of all errors 
were made on S“ trials. Thus, acquisition of the discrimina- 
tion consisted primarily of learning to inhibit responding 
after presentation of S~. Observation of performance and 
inspection of event recorder records indicated that animals 
meet the S~ requirement by briefly lowering response rate or 
by pausing for approximately 0.2 to 0.4 sec after presentation 
as-. 

Mean performance on the detection threshold test series 
for each rat is shown in Fig. 3. As determined by graphic 
interpolation at the 75% level of accuracy, mean detection 
threshold was 0.0035% NaCl (range: 0.0031 to 0.0043%). 
Each rat showed a sharp drop in accuracy on the first session 
of the 0.005% problem and a gradual improvement in dis- 
crimination in the next session. On the 0.001% discrimina- 
tion task, performance remained consistently below the 75% 
level of accuracy over three sessions for each rat. The com- 
plete performance record on the threshold test series for one 
subject is shown in Fig. 4. 
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FIG. 2. Acquisition of a taste detection problem for rat 133. The 
animal was trained with water as S* and 1% NaCl as S~. Each data 
point is the mean of 20 trials. 
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FIG. 4. Mean performance scores for all three rats on the NaCl 
psychophysical test series. Data points are based on the last 100 
trials for each problem. 


After completion of the threshold series, one rat was re- 
trained on the 1% NaCl detection task and 30 min later tested 
on the 6.9% glucose vs 4.8% sucrose problem. Discrimina- 
tive performance emerged after approximately 150 trials and 
by the end of the 440-trial session discrimination accuracy 
reached 80-85%. The performance on this test is shown in 
Fig. 5. 


DISCUSSION 
The mean absolute threshold for NaCl of 0.0038% ob- 
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FIG. 3. Performance on the NaCl psychophysical test series for rat 
124. 
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FIG. 5. Acquisition of taste discrimination problem (right) after test 
trials on a NaCl detection task. 


tained using the present method is comparable to the values 
of approximately 0.0044% obtained by Koh and Teitelbaum 
[5] and 0.002% obtained by Morrison and Norrison [9] de- 
spite the fact that the training methods used in these three 
operant studies were quite different. Koh and Teitelbaum 
used a modified von Bekesy psychophysical tracking method 
in which either food reinforcement or time-out from shock 
was contingent upon licking at a tube containing the tastant, 
while in the Morrison and Norrison study a descending 
method of limits was used and the tastant served as a dis- 
criminative stimulus for pressing one of two bars to obtain a 
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food reward. The fact that different procedures yield com- 
parable thresholds suggests that threshold determinations 
may be largely independent of the operant conditioning 
technique used. The behavioral threshold for NaCl, which 
appears to lie in the range of 0.002% to 0.004%, is somewhat 
lower than that obtained in electrophysiological studies of 
the chorda tympani nerve [11] and more than an order of 
magnitude lower than that obtained using preference tests 
[11,12]. 

While the different operant discrimination methods yield 
similar results and are probably equally effective in avoiding 
the shortcomings of preference techniques for determining 
sensory thresholds, the present system has advantages for 
future studies. The stimulus delivery and response detection 
systems are easy to construct and have proven very reliable. 
Because the highly prepotent response of licking is the oper- 
ant, no pretraining is necessary and discrimination training 
can be initiated in the first session. Stimulus control of re- 
sponding occurs after three or four sessions. Because many 
trials can be completed in a short period of time multiple 
sessions can be given in a day and an entire psychophysical 
determination for a tastant can be completed in three or four 
test days. Morever, as shown in our initial report [13] and in 
this study, the procedure is also effective for training rats to 
discriminate between two different tastants. 
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The chief differences between the present method and the 
initial description of this technique [13] are the use of photo- 
cell in place of a lickometer to detect licks, a more stringent 
DRH requirement (5.3 vs 3.3 responses/sec), and the use of a 
time-out punishment for responding on S~. The use of a 
photocell in place of a lickometer circuit avoids the problem 
of electric taste effects [10] and the need to add an electrolyte 
to non-electrolyte tastants [5]. 

The precise DRH requirements used is probably not criti- 
cal. However, the use of a short limited hold (1.5 sec) is 
probably advantageous because it insures a short delay of 
reinforcement after sampling S*. The use of a time-out as a 
punisher for S~ errors is advantageous in gaining stimulus 
control more rapidly and in improving stability of perform- 
ance. In our experience there appears to be no advantage of 
imposing an intertrial interval for separating trials. 

We have not systematically studied the effects of varying 
stimulus parameters or response contingencies on rate of 
acquisition or performance accuracy. More or less stringent 
response requirements or different stimulus intensities or re- 
inforcement magnitudes may result in further improvements 
in acquisition rate or detection threshold. However, the 
methods used in the present report are simple, effective in 
gaining stimulus control, and should prove useful in future 
studies of taste detection and discrimination. 
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O'BRIEN, JAMES H. P300 wave elicited by a stimulus-change paradigm in acutely prepared rats. PHYSIOL. BEHAV. 
28(4) 711-713, 1982.—Presentation of a long sequence of stimuli in one modality followed by infrequent substitution of 
stimuli in a different modality produced a very large P300 wave in the evoked potential to the infrequent stimulus. The P300 
wave was never observed in a repetitive train of stimuli in one modality or to the background stimuli during the stimulus- 
change procedure. This phenomenon was observed in cortical recordings from anesthetized rats. This P300 wave corre- 
sponds in latency to that observed in human cognitive studies, and the use of this paradigm in animal studies could greatly 


facilitate work to determine the neural basis of the P300 wave. 
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DURING the last few years there has been increasing inter- 
est in relating measures of brain activity to cognitive function 
in humans. The most common measure is that referred to as 
event-related potentials, particularly the contingent negative 
variation and P300 wave of sensory evoked activity. The 
objective has been to relate the brain measure to some par- 
ticular type of cognitive function. 

The studies have been primarily with humans, and a 
stimulus-change paradigm is the procedure most often em- 
ployed. A stimulus in a different sensory modality, or a 
qualitative or quantitative change in the stimulus being pre- 
sented, is introduced irregularly and infrequently into a re- 
petitive background train of stimuli [6, 8, 9,]. The P300 wave 
is elicited by the unpredictable stimuli, but not by the repeti- 
tive stimuli. A number of signal detection studies have also 
been performed, and stimulus-change and unpredictability 
are features of the designs [1, 2, 3, 4, 5, 7, 10]. The P300 
wave has been observed to the stimulus requiring a response 
in all of these studies. Even a simple paradigm, with the 
stimulus presented irregularly at an average 45 sec interval, 
produces the P300 wave [11]. The purpose of this report is to 
describe a P300 wave elicited by a stimulus-change paradigm 
used with acutely prepared rats. 


METHOD 


Experiments were performed on 12 Long-Evans rats 
anesthetized with Nembutal (50 mg/kg IP). Most experi- 
ments were completed with the initial dose of Nembutal and 
in no case were the animals allowed to become light enough 
for spontaneous or elicited movement. Different sequences 
of stimuli were examined in different animals, and the P300 
wave described in this report was observed both soon and a 
few hours after a single anesthetic dose. All experiments 
were performed in an IAC sound-proof chamber. 

Recordings were taken from the bregma association area 
(1 mm caudal to bregma, 1 mm lateral of midline) through a 


Evoked potential 


0.01 inch stainless steel wire (0.5 mm tip bared) placed on the 
surface of the dura through a small Burr hole; all recordings 
were monopolar referenced to a hemostat on the temporal 
muscle. The signals were amplified and led to an A/D con- 
verter on a PDP-12 computer. The somatic stimulus was 
three 0.1 msec pulses at 250 Hz and 5 volts (50 wA) presented 
through subcutaneous hypodermic needles inserted on the 
two sides of the hindpaw contralateral to the cortical record- 
ing electrode. This stimulus intensity was just subthreshold 
for producing muscle movement. The visual stimulus was a 
flash from a Grass photo-stimulator set at intensity 8. At- 
ropine was placed on the cornea every 4 hours. 


RESULTS 


A large number of stimulus sequences were examined, 
including the omitted stimulus and stimulus change 
paradigms. The successful procedure was found to be to 
present a large number of repetitive stimuli in one modality 
and then to substitute a stimulus in a different modality in- 
frequently into the background train. A modality change of | 
out of every 16 stimuli was used in the experiments reported 
here. 

For the first rat, trains of 16 stimuli were presented at a 
frequency of one/second with a one minute inter-train inter- 
val. The sequence was: (1) 24 trains of light alone to form a 
control AEP; (2) 24 trains of paw-alone; (3) 24 trains of paw 
background with a light flash substituted for every 16th 
stimulus. The results with this sequence are shown in the left 
column of Fig. 1; the responses are 24 trial average evoked 
potentials. The top AEP is from the repetitive light se- 
quence, the middle AEP is from the stimulus change se- 
quence and the lower AEP is the somatic background re- 
sponse in the stimulus change paradigm. There is no evi- 
dence for a P300 wave in the control light response or in the 
somatic response, whereas the light response from the 
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FIG. 1. Cortical average evoked potentials (AEPs) to a repetitive 
light flash (top row), a light flash interspersed in a background re- 
petitive train of paw stimuli (middle row), and a repetitive paw 
stimulus (bottom row). Left column, 24 trial AEPs; right column, 
100 trial AEPs. Stimulus occurrence at time zero, total time base of 
768 msec. AEPs plotted positive up. 


stimulus change paradigm has a very large P300 wave. In this 
rat the ‘P300° wave was negative, but it should be noted that 
the electrode was introduced 1 mm into the cortex and it was 
not a surface recording. In all of the remaining rats the re- 
cording electrode was placed on the surface of the cortex, 
and the P300 wave was always positive. 

For the remaining rats, stimuli were presented con- 
tinuously at 1/second rather than in a series of 16 stimuli 
with an inter-trial interval. The computer was programmed 
to collect the evoked potenitals as if there were a series 
of 16 stimuli repeated over and over; AEPs were formed 
for each of the 16 stimuli. The sequence used in rat #5 
(right column, Fig. 1) was: (1) 100 ‘trials’ of 16 light flash 
stimuli, a total of 1600 flashes; (2) an identical number of paw 
stimuli; (3) 100 trials of the stimulus change paradigm, with 
paw stimuli for the background stimulus train and light 
flashes substituted for every 16 stimuli. As for the first rat, a 
very large P300 wave was found in the light flash evoked 
potential from the stimulus change paradigm. In this case the 
wave was a biphasic negative-positive potential, with the 
peak of the positive wave occurring at 300 msec latency. 

When the stimulus change paradigm was repeated over 
and over without a preceding light control and paw alone 
train, the P300 wave became smaller and smaller and finally 
disappeared. In general, this required about 100 presenta- 
tions of the novel stimulus. Figure 2 shows two examples 
that exhibited less habituation than usual. The left column 
shows sequential 64 trial AEPs to light flash. The top AEP is 
the control response and this is followed by 192 novel light 
flashes introduced into a background train of paw stimuli (1 
light flash per 15 paw stimuli). There is still a fairly substan- 
tial P300 in the bottom 64 trial AEP. 

The right column in Figure 2 shows a similar sequence of 
responses to paw stimulation. The top 64 trial AEP is the 
control response, and then the paw stimuli are introduced 
into a background train of light flashes. A small residual P300 
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FIG. 2. Effect of repetition of stimulus change paradigm. Top traces, 
control responses from repetitive train. Lower 3 traces, consecutive 
64 trial AEPs from stimulus change paradigm. Left column, paw 
background train, light flash novel. Right column, light background 
train, paw stimulus novel. Note habituation of P300 component. 


may be seen in the bottom 64 trial AEP. The example of 
responses to paw stimulation also shows a number of new 
response waves to the novel paw stimulus. This was always 
observed for novel paw responses in a background train of 
light flashes, whereas the novel light response in a back- 
ground train of paw stimuli was primarily just the P300. 

After the novel P300 response had habituated, it was 
usually possible to reinstate the wave by presenting a long 
series of the background stimulus by itself (1,000—2,000 
stimuli). When the novel stimulus was now once again intro- 
duced into the train, a P300 was produced for about 50-100 
stimulus presentations. The wave habituated faster than in 
the original series. On rare occasions this procedure could be 
repeated a third time to obtain the P300 wave. 

Since no calibration was included when averaging the 
evoked potentials, amplitudes can only be reported in arbi- 
trary units. However, a comparison of measures for both the 
short-latency evoked potential and the P300 wave provides a 
meaningful evaluation of the magnitude of the P300 evoked 
potential. 

A P300 wave to light flash was obtained in 8 rats, and the 
following means and standard deviations are based on this N 
of 8 (the remaining 4 rats were examined with other types of 
stimulus paradigms). The peak amplitude was 124+47 for the 
short-latency wave, and 112+55 for the P300 wave. The area 
under the curve was 71+48 for the short-latency wave and 
146+ 107 for the P300 wave. The standard deviations for the 
peak and area measures are not very meaningful since the 
amplifier settings varied considerably among rats and both 
large and small AEPs were collected. An alternative way to 
evaluate peak amplitude is to obtain a difference score for 
each animal of the short-latency minus P300. The mean 
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difference was 12 and the standard deviation 61. On the av- 
erage the peak amplitudes of the short-latency and P300 
waves were about the same, but there was considerable var- 
iability among animals as to which peak was greater and the 
magnitude of this difference. The latency to the peak of the 
P300 wave was 315+25 msec. 


DISCUSSION 


The P300 wave observed in these experiments was ex- 
tremely robust and easily obtained if the appropriate 
stimulus sequence was presented. Although the successful 
stimulus sequence is fairly simple, the recipe is in most cases 
critical. In two rats an attempt was made to obtainthe P300 
wave to light by presenting the stimulus change paradigm (no 
preceding paw alone sequence) as the first sequence in the 
animal, and for one rat the P300 was observed but not for the 
second. Evidently the paw alone sequence is important be- 
fore introducing the infrequent light stimulus. From exam- 
ination of a number of stimulus sequences in the present 
study, expectation or predictability appears to be the critical 
variable. If a large number of stimuli in one modality are 
repetitively presented and then a stimulus in a different mo- 
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dality is infrequently substituted for a background stimulus, 
the P300 wave is elicited by the infrequent stimulus. To ob- 
tain the P300 it is apparently necessary to establish a set or 
expectation for a particular stimulus and then introduce an 
unexpected (novel) stimulus. 

In a recent sutdy by Wilder et a/. [12] a similar P300 wave 
was observed in a classical pupillary conditioning task in 
cats. The P300 wave was present only when the evoking 
stimulus was relevant to the task, and the amplitude of the 
component varied inversely with stimulus probability and 
was independent of stimulus modality. This wave, therefore, 
behaved essentially like the P300 component recorded from 
humans. The results of this and the present study indicate 
that it should be possible to determine the neural basis of the 
P300 wave in animal studies, and that this information could 
be applicable to the P300 wave observed in human cognitive 
studies. 
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REIDINGER, R. F., JR., G. K. BEAUCHAMP AND M. BARTH. Conditioned aversion to a taste perceived while 
grooming. PHYSIOL. BEHAV. 28(4) 715-723, 1982.—Four experiments were conducted to determine how the charac 
teristics of conditioned taste aversion (CTA), as described from studies conducted in the drinking and feeding contexts, 
applied in the grooming context. In Experiment 1, sodium saccharin was mixed with a ‘‘neutral-tasting”’ jelly and applied to 
the fur of male Sprague-Dawley® rats. Rats injected with LiC] after the applications strongly avoided saccharin solutions in 
subsequent |-hr, 2-choice (saccharin solution vs water) drinking tests, whereas rats injected with NaCl or given plain jelly 
on the fur showed only an initial neophobic response to the saccharin solution. Thus, the taste of saccharin was perceived 
while grooming and the CTA formed in the grooming context generalized to drinking. In Experiments 2-4, we obtained 
evidence that: (a) rats discriminated between one intensity of saccharin applied to the fur and another used in the test 
solution; and (b) rats differentiated between qualities of the two tastants applied to the fur in that saccharin overshadowed 
NaCl; and (c) taste qualities were more important than toxic properties when two stimuli (saccharin, LiCl) were used 
(saccharin overshadowed NaCl in subsequent drinking tests). We speculate that taste while grooming might play a role in 
social communication in some vertebrates. Further, CTA and grooming might have uses in rodent control (e.g., in 
agricultural situations) not previously considered such as in delivering a non-attractive, low-salience toxin so that the taste 
of the crop overshadows that of the bait, and induces crop aversion. 


Conditioned taste aversion Grooming 


WITH the interest of circumventing ‘‘bait shyness’’ (here 
used as the avoidance of a bait formulation following suble- 
thal poisoning) associated with the use of some rodenticides, 
we have begun to probe for fundamental weaknesses in an 
animal’s defenses against dietary poisoning. We have fo- 
cused our investigation on conditioned taste aversions 
(CTA) since they appear particularly well-suited for protect- 
ing rodents during feeding and drinking. However, CTAs 
may be less well adapted for protection during other activi- 
ties such as grooming, nest-building, and gnawing in which 
ingestion is concomitant, but minor. We chose grooming as 
an especially promising behavior because it occurs fre- 
quently in the rat’s daily behavioral regime [6] and has been 
described as relatively stereotyped [5, 6, 7]. 

We asked two major questions: (a) does grooming con- 
tinue in the presence of a taste aversion, and, if so, are there 
alterations in grooming behavior that affect ingestion of the 
material and protect the organism, and (b) to what extent do 
the characteristics of taste aversion, as described from 
studies conducted in drinking and feeding contexts, apply to 
the grooming context? 

Arguments can be made to support continuation of 
grooming in the presence of a taste aversion (question (a) 
above) from anecdotal evidence [28] in which grooming is 





Overshadowing 


Rodent control Salience 


apparently exploited as a means of delivering toxicants to 
rodents when tracking dusts or powders are used [19,34]. 
Grooming behavior is usually described as relatively stereo- 
typed and unlearned, whereas CTA involved learning. Grill 
and Norgren [15] noted that decerebrate rats failed to form 
CTAs, but continued to groom spontaneously. Conse- 
quently, when grooming is placed in conflict with CTA, it is 
reasonable to suppose that grooming, the more stereotyped 
behavior, will prevail. We found that male Sprague-Dawley 
rats continued to groom when saccharin, made aversive to 
the animals by CTA, was smeared on the fur (Reidinger, 
Beauchamp and Barth, unpublished observations). Subse- 
quently, others (Geyer, Kornet and Reidinger, unpublished 
data) have obtained similar results using pine voles (Mic- 
rotus pinetorum) and meadow voles (M. pennsylvanicus). 

We have, however, found no published studies on the 
features of CTA within the grooming context (question (b) 
above). Indeed, the perception of the taste of material 
groomed from the fur has not been demonstrated in rats. 
Thus, the simplest explanation for continuation of grooming 
in the presence of a noxious taste is that the taste is not 
perceived, or that CTAs are not formed in the grooming 
context. We report here 4 experiments whose results con- 
tradict these notions. 


‘Reference to trade names does not imply endorsement of commercial products by the U. S. Government. 
2The first author is assigned to the Monell Center from the U. S. Fish and Wildlife Service, Section of Supporting Sciences, Denver Wildlife 


Research Center, Building 16, Federal Center, Lakewood, CO 80225. 


3Current address: Rutgers College, Department of Zoology, Nelson Biological Laboratories, PO Box 1059, Piscataway, NJ 08854. 





GENERAL METHOD 
Subjects 


The subjects were experimentally-naive adult, male rats 
(Sprague-Dawley strain). The rats were caged individually 
(cage dimensions: 17.7x24.2x17.7 cm) within a room at 
20°C-24°C under a 12 hr:12 hr light:dark cycle and permitted 
free access to rat chow and water for at least 2 weeks before 
the experiments began. 


Materials 


Unless otherwise specified, we used the following stimuli: 
sodium saccharin solution, 0.20% w/v (0.0083 M) in tapwa- 
ter; NaCl solution, 0.88% w/v (0.15 M) in tapwater; plain 
(untreated) carboxymethylcellulose, 3.55% w/v in tapwater 
(CMC, a neutral-lasting gelatinous material); CMC contain- 
ing sodium saccharin at 0.35% w/v (0.014 M); CMC contain- 
ing LiCl at 0.954% w/v (0.22 M); CMC containing NaCl at 
1.54% w/v (0.26 M); and, 0.51% w/v (0.12 M) LiCl and 0.70% 
w/v (0.12 M) NaCl (prepared in distilled water and auto- 
claved) injected in ml at 2% of body weight in g (i.e., injected 
at 102 mg/kg body weight for LiCl and at 140 mg/kg body 
weight for NaCl). Greater concentrations of saccharin and 
NaCl were mixed in CMC than in tapwater to compensate 
for the possiblity of tastant masking [8,30]. 

Fluids were presented in 10 ml syringe-sipper tubes (after 
Robbins, [36]) and in 135 ml calibrated glass drinking tubes 
(Richter-type). Spouts of the drinking tubes were separated 
by about 10 cm when attached in pairs in front of the 
animal’s home cages. 


General Procedures 


The same routine was used for each day of an experiment. 
Each rat was deprived of fluids for 20 hr followed by brief 
exposure to a fluid in a syringe-sipper tube or application of 
CMC (a gelatinous material that tasted neutral to us) to the 
fur, or both. The rat was then given free access to fluids from 
two drinking tubes for 1 hr. The order in which rats were 
given their daily routine was randomized before each exper- 
iment. The period of fluid deprivation ended at 0900 for the 
first rat, and at 5 min intervals thereafter for each succeeding 
animal. 

The experimental procedure consisted of 3 days during 
which the rats were accustomed to the daily routine; a day of 
treatment during which the rats were exposed to one or two 
tastants ( in the syringe-sipper tubes, or in CMC applied to 
the fur, or both) and (except for Experiment 4), given intra- 
peritoneal injections; a day of recovery from effects of the 
toxicant; and, a day of testing during which the rats were 
given 1-hr, two-choice preference tests (using the drinking 
tubes). Preference tests were repeated 2 to 5 days after the 
first test. Tastants were randomly assigned the left or right 
position on the front of the cages. Except on treatment and 
test days (as described above), rats were given untreated 
tapwater in syringe-sipper tubes and drinking tubes, and 
plain CMC was applied to the fur. Grooming occurred and 
preference tests were conducted with rats in their home 
cages. 


Data Analyses 


Results from the preference tests were expressed as 
either saccharin preferences (%, ml saccharin consumed + 
total fluids consumed x 100) or as NaCl preferences (%, ml 
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FIG. 1. Mean saccharin consumption (percentage of total fluids con- 
sumed) during 1-hr, two-choice (saccharin solution versus water) 
drinking tests. Tests were conducted 2 and 7 days after treatments 
(summarized in parantheses under each group). N=10 rats per 
group. Significantly different (9<0.05) saccharin preferences are 
indicated by symbols assigned as superscripts to the bars. Bars hav- 
ing different symbols are significantly different. 


NaCl consumed ~ total fluids consumed x 100). Unless 
stated otherwise, results were analyzed by analysis of vari- 
ance for a between-within design [27]. Factors were group 
(between) and test (within). The Bonferroni post-hoc com- 
parison procedure [2,12] was used to isolate significant 
differences among means. 


EXPERIMENT | 


The objective was to determine if rats taste a material as 
they groom it from the fur by determining if the taste can 
serve as a conditioned stimulus (CS) for a CTA. 


METHOD 


Following adaptation to the daily routine, 30 rats (289-345 
g) were randomly assigned to three groups (A—C, n=10). On 
the day of treatment, rats in Groups A and C were smeared 
with saccharin in CMC on the left flank (2 g per rat) whereas 
those in the remaining Group (B) were smeared unilaterally 
with plain CMC. One-half hr after application of the materi- 
als, Groups A and B were given injections of LiCl and Group 
C was given control injections of NaCl. Two and 7 days 
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TABLE | 


SACCHARIN PREFERENCES (PERCENTAGES) DURING 
TWO, 1-HR PREFERENCE TESTS 
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The tests, between 0.2% w/v Na-saccharin in tapwater and plain tapwater, were 
conducted 2 and 4 days after treatments (summarized in table). N=6 rats for each 


group. 


Asterisk (*) indicates significant differences (p<0.05) for comparisons within 
groups (i.e., first versus second test for each group). Comparisons were also made 
between means of groups for the second test—means with the same letters are not 


significantly different (p >0.05). 


later, all groups were given preference tests between sac- 
charin solution and plain tapwater. 


RESULTS 


Effects of group, test, and interaction between group and 
tests on saccharin preferences were significant, F(2,27) 
=19.1; F(1,27)=31.2; and, F(2,27)=9.4, respectively; all 
ps<0.005. Saccharin consumption was greater during the 
second test (mean=40.5%) than during the first test 
(mean= 14.2%). Overall, saccharin consumption by rats in 
Groups B (mean=37.1%) and C (mean=43.0%) were similar 
(p>0.25), and greater (p<0.01) than by rats in Group A 
(mean=2.0%). These effects appeared to be due primarily to 
increased saccharin consumption by rats in Groups B and C 
during the second test (Fig. 1). In contrast, saccharin con- 
sumption by rats in Group A remained low during both tests. 


DISCUSSION 


Low saccharin preferences by rats in all three groups dur- 
ing the first preference tests were likely due to the combined 
effects of CTA and neophobia (Group A) or to neophobia 
alone (Groups B and C). Rats in Groups A and C had been 
exposed to only small amounts of saccharin in CMC before 
the first test. Although the amounts were adequate to allow 
formation of a CTA, additional experience with saccharin 
was apparently required to overcome neophobic responses 
(possibly enhanced by poisoning for Groups A and B; 
[9,10]). The argument is further supported in that rats in 
Group B had received no exposure to saccharin before the 
first test, and would be expected to show a strong neophobic 
response during this test [4]. Differences between rats in 
Group A and those in the other groups were more 
pronounced during the second test. Neophobia had di- 


minished for all groups. Whereas Group A expressed strong 
CTAs toward saccharin, Groups B and C slightly preferred it. 

The results supported the conclusion that the taste served 
as a CS in a CTA, thus providing evidence that the rats 
tasted the material while grooming. The results also indi- 
cated that the taste of saccharin, presented in CMC on the 
fur, was sufficiently similar to the taste of saccharin in drink- 
ing water to allow generalization of the CTA to the context of 
drinking. 


EXPERIMENT 2 


In Experiment 1, we obtained evidence that a taste aver- 
sion was formed while grooming by Sprague-Dawley rats, 
and was generalized to the drinking context. In Experiment 
2, we tested the notion that the rats perceived the intensity of 
a tastant while grooming it from the fur. We applied saccha- 
rin in different concentrations to the fur of rats, and injected 
them with LiCl. In subsequent preference tests, the rats 
were given a choice between tapwater and a single concen- 
tration of saccharin solution. Based on similar studies con- 
ducted in the drinking context [3, 11, 14, 38], we predicted 
that avoidance responses would be related in a geometric 
manner to concentration of the CS. 


METHOD 


Forty-eight rats (304-369 g) were randomly assigned to 
eight groups (A—H; n=6). On the day of treatment, 2 g of 
CMC containing saccharin was applied to the fur of the rats 
in the following concentrations (% w/v): Group A (control), 
0.000; Group B, 0.007; Group C, 0.014; Group D, 0.028; 
Group E, 0.056; Group F, 0.112; Group G, 0.224; and, Group 
H, 0.448. One hr after application of the materials, the rats 
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were given injections of LiCl. Two and 4 days later, the rats 
were given preference tests between solutions of saccharin 
(0.20% w/v) and plain tapwater. 


RESULTS 


Data on consumption from two rats (one each in Groups 
B and G) were lost. Their scores were replaced by mean 
saccharin preferences of the other five rats in each of the 
groups. As in Experiment 1, the main effects and the in- 
teraction were significant, F(7,40)=4.9; F(1,40)=80.2; and, 
F(7,40)=5.1, respectively; all ps<0.005. Overall, saccharin 
consumption was greater during the second test 
(mean=31.8%) than during the first (mean=8.7%). For both 
tests combined, saccharin consumption by rats in Group A 
was significantly greater (p<0.05) than for rats in Groups G 
and H. Within groups, saccharin consumption consistently 
increased from the first to the second tests, significantly so 
for rats in groups A-C (Table 1). Saccharin consumption by 
rats in Groups A-C was significantly greater (p<0.05) than 
by rats in Groups E-H during the second test (Table 1). 

Based on regression analyses, saccharin consumptions 
and concentrations of the CS were significantly associated 
by logarithmic models during the first test. The associations 
were stronger for group means (r?=0.71, n=8, p<0.01) than 
for individual scores (r?=0.22, n=48, p<0.001). The variables 
were significantly associated by an inverse linear function 
(group means) or by a parabolic function (individual scores) 
during the second test. Again, the associations were stronger 
for group means (r?=0.97, n=8, p<0.001) than for individual 
scores (r?=0.42, n=48, p<0.001). 


DISCUSSION 


The results confirmed the findings from Experiment | in 
that male Sprague-Dawley rats tasted saccharin while 
grooming it from the fur, associated the taste with a post- 
ingestional illness, and generalized the CTA formed while 
grooming to the drinking context. As in Experiment 1, the 
stronger avoidance of the saccharin solution by rats during 
the first than during the second preference test was attribu- 
ted to enhanced neophobia. Rats in Group A had received no 
exposure to saccharin before the first preference test, and 
saccharin preferences of this group (Table 1) should have 
represented the strongest neophobic responses among 
groups. Effects of neophobia appeared largely overcome by 
the second preference test where preferences expressed by 
rats in Group A averaged about 60%. Thus, we attributed 
avoidance of saccharin solution (i.e., mean saccharin prefer- 
ences <50%) by rats in Group D-H during the second test to 
CTA. 

The inverse relationships between concentrations of sac- 
charin applied to the fur and mean saccharin consumption 
during the preference tests can be explained as an effect of 
the amount of CS presented (i.e., degree of divergence from 
adaptation level, (21,22]; or novelty, [21]), or as a gener- 
alization gradient, or both. The former relationship has been 
well established in studies of CTA conducted in the drinking 
context [11,14]. Likewise, avoidance in preference tests is 
known to be affected by degree of similarity, both qualita- 
tively [31,32] and quantitatively [33,38], between treatment 
and test stimuli. With the latter explanation, one might have 
predicted the strongest aversion for rats in Group G (rather 
than Group H; Table 1, second test) because these rats re- 
ceived a concentration of saccharin during treatment most 
similar to the concentration of the test stimulus. We do not 
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discount the possible effects of generalization, however, for 
the following reasons. First, the mean saccharin preferences 
between Group G and H were not significantly different. 
Second, CMC attentuates the intensity of saccharin as per- 
ceived by humans [8,30] and may have the same effects with 
rats. Also, some workers (e.g., Nowlis, [33]) have shown 
that concentration of the test stimulus per se is related to 
strength of avoidance, an effect apparently constrained by 
generalization. Although additional studies are required to 
explain the observed relationships, the results are evidence 
that the rats obtained information on the amounts as well as 
the qualitative aspects of saccharin while grooming it from 
the fur. 


EXPERIMENT 3 


In Experiments | and 2, male Sprague-Dawley rats 
formed CTAs to a single stimulus after grooming it from the 
fur. Strength of avoidance, measured in subsequent drinking 
tests, was associated with the amount of CS that had been 
applied to the fur. In Experiment 3, we applied two tastants 
(first saccharin, then NaCl) to the fur of rats, and followed 
exposure to the tastants with injections of LiCl. Our objec- 
tives were (a) to affirm that rats distinguished between taste 
qualities while grooming; (b) to assess gross effects that the 
grooming context might have on the relative saliences (de- 
fined as ‘‘the tendency of a solution to be associated with 
subsequent poisoning,” [23], p. 193) of the tastants as con- 
ditioned stimuli (CSs) in a CTA; and (c) to assess the impor- 
tance of salience as a factor in the formation of CTAs in the 
grooming context. Saccharin is generally recognized as a 
highly salient tastant, and has been used as the CS for may 
studies of CTA. We believed that saccharin would be the 
more salient stimulus for the concentrations used in this ex- 
periment, and overshadow [25,26] NaCl unless behavioral 
context grossly influenced the relative saliences of the tas- 
tants. By applying saccharin to the fur before NaCl, we 
biased the experimental design so that factors related to 
temporal contiguity would favor association of the CTA with 
NaCl rather than saccharin. Thus, avoidance of saccharin in 
subsequent preference tests would be strong evidence that 
salience is an important consideration for formation of a 
CTA in the grooming context, as has already been demon- 
strated in the drinking context [23,26]. 


METHOD 


Thirty-six rats (346-502 g) were allowed 3 days to become 
accustomed to the daily routine. The rats were randomly 
assigned to six groups (A—-F; n=6). On the day of treatment, 
2 g of CMC containing saccharin was applied to the fur of the 
rats. One hour after application, the fur was washed and 
dried, and 2 g of CMC containing NaCl was applied to the 
fur. One hour after this second application, the fur was again 
washed and dried. Rats in Groups A-C were immediately 
given injections of LiCl whereas those in Groups D-F re- 
ceived sham injections with no fluid. Rats were washed by 
placing them on wire screening suspended over a laboratory 
sink, flushing the fur with warm water from a portable 
shower head and scrubbing them with a small hairbrush. The 
rats were dried with paper towels. Two and 5 days after 
treatments, the rats were given preference tests as follows: 
Groups A and D, saccharin solution versus plain tapwater; 
Groups B and E, NaCl solution versus plain tapwater; and, 
Groups C and F, saccharin solution versus NaCl solution. 
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FIG. 2. a~c. Mean saccharin consumption (a and c) and NaCl consumption (b) expressed as percentage 
of total fluids consumed by rats during 1-hr, two-choice drinking tests. Stimuli used in the tests are 
summarized in parantheses under each panel heading (a—c). Tests were conducted 2 and 5 days after 
the rats had saccharin applied to the fur, then had NaCl applied to the fur, and then were given 
injections of LiCl or sham injections. N=6 rats per group. Within panels (a—c), significantly different 
(p <0.05) preferences are indicated by symbols assigned as superscripts to the bars. Bars having no 


identical symbols are significantly different. 


Results were expressed as saccharin preferences for all 
groups except for Groups B and E where results were ex- 
pressed as NaCl preferences. Statistical analyses were con- 
ducted separately on results from the pairs of groups that 
were given the same preference tests. 


RESULTS 


Data on consumption were lost for one rat in Group B, 
second preference test. As before, the mean consumption by 
the other five rats was substituted for statistical analyses. 
For Groups A and D, main effects and effects of interaction 
on saccharin consumption were significant, F(1,10)=35.3, 
12.1 and 10.2 respectively; all ps<0.01. As in Experiments | 
and 2, overall saccharin consumption increased from the first 
preference test (mean=11.8%) to the second (mean=34.2%). 
For tests combined, saccharin consumption was greater for 
rats in Group D (mean=45.1%) than for rats in Group A 
(mean=0.9%). Part of these effects was explained by a sig- 
nificant increase in saccharin consumption by rats in Group 
D during the second test (Fig. 2a). For Groups B and E, only 
the interactions of group x test were significant, 
F(1,10)=5.9, p<0.05. NaCl consumption was significantly 
greater for rats in Group E than for rats in Group B during 
the first preference test (Fig. 2b). For Groups C and F, the 
effects of groups on saccharin preferences were significant, 
F(1,10)=13.5, p<0.01. Saccharin preferences of rats in 
Group F (mean=50.1%) were significantly greater than pref- 
erences of rats in Group C (mean=2.8%; Fig. 2b). 


DISCUSSION 


The results confirmed findings from Experiments | and 2 
in that saccharin, when ingested while grooming and paired 
with injections of LiCl, was strongly avoided in subsequent 


preference tests (Groups A and C). In contrast, rats given the 
same treatments but only sham injections expressed an ini- 
tial neophobic response to the saccharin during the first, but 
not during the second test (Groups D and F; Figs. 2a and 2c). 
Thus, it appeared that a CTA had been formed and that 
saccharin, groomed from the fur, served as a CS. 

NaCl may also have served as a weak CS in the CTA. 
Sham-injected rats (Group E) had significantly greater NaCl 
preference than LiCl-injected rats (Group B) during the first 
of the two tests between NaCl solution and tapwater (Fig. 
2b). However, the association was weak, and, if it occurred, 
was extinguished by the second test. 

When the two tastants were presented together in drink- 
ing tests, LiCl-injected rats (Group C) strongly avoided sac- 
charin whereas sham-injected rats (Group F) preferred it 
over the NaCl solution. Thus, saccharin was the more salient 
CS, and overshadowed NaCl even though saccharin was 
presented on the fur before NaCl (and therefore had a larger 
CS/unconditioned stimulus (US) interstimulus interval, a 
factor that probably diminished the strength of avoidance of 
saccharin, [1]). In this respect, our results confirmed the 
findings of others [23,26] that salience can override temporal 
contiguity when more than one tastant is presented as the CS 
ina CTA. 


EXPERIMENT 4 


In Experiment 4, we presented a saccharin solution to 
rats, then applied CMC containing either LiCl or NaCl to the 
fur. In subsequent tests, we assessed avoidance of the taste 
of saccharin and that of NaCl (assumed to be essentially 
indiscriminable from the taste of LiCl by inexperienced rats, 
[31]). Our main objective was to determine if the taste of 
LiCl applied directly to the fur would still be overshadowed 
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TABLE 2 


FLUID CONSUMPTION (EXPRESSED AS SACCHARIN OR NaCl PREFERENCES) DURING 
1-HR, TWO-CHOICE DRINKING TESTS 





CS 
(Na-saccharin) 
in drinking 
water 


CS/US 
applied 
to fur 


Preference (Mean% + S.E.) 


Choices in 
drinking tests 


Saccharin NaCl 





LiCl Saccharin solution 36+ 3.6* 
vs water 


NaCl Saccharin solution 


62.4 + 10.1 


vs water 


LiCl NaCl solution vs water — 
NaCl NaCl solution vs water —_ 
LiCl Saccharin solution vs 


all groups 


12.0+ 4.8* 
43.6 + 11.7 
16.8 + 12.7* a 


NaCl solution 


NaCl Saccharin solution vs 


71.8 + 12.2 


NaCl solution 





The tests were conducted 2 days after treatments (summarized in table). N=6 for each group. 
*Based on separate Student’s t-tests, means for Groups A vs D, Groups B vs E, and Groups C vs F were 


significantly different (p<0.05). 


by the taste of sodium saccharin, the more salient tastant but 
presented earlier and in the drinking context. Since LiCl 
served as both a tastant and the US, the experiment also 
provided an opportunity to look at the relative importance of 
taste qualities versus toxic properties in determining the sali- 
ence of a material (a question of considerable interest in 
rodent control). To reduce neophobic responses to the tas- 
tants (and thereby eliminate the need for repeating the pref- 
erence tests), we presented greater amounts of the CSs to the 
animals than were presented in the earlier experiments. 


METHOD 


Following adaptation to the daily routine, 36 rats (414-523 
g) were randomly assigned to six groups (A-F; n=6). Each 
rat was allowed to drink 4 ml of saccharin solution. One hour 
later, 4 g of CMC containing either LiCl (Groups A-C) or 
NaCl (controls; Groups D-F) were applied to the fur of each 
rat. Two days after treatments, groups were paired (A and D; 
B and E; and C and F) and given preference tests as de- 
scribed in Experiment 3 and Table 2. As in Experiment 3, 
results were expressed as saccharin preferences for all 
groups except for Groups B and E where results were ex- 
pressed as NaCl preferences. Student’s ¢ tests were con- 
ducted separately on results from the pairs of groups that 
were given the same preference tests. 


RESULTS 


Saccharin consumption was significantly (p<0.05) greater 
for control rats (Groups D and F) than for treated rats 
(Groups A and C) regardless of whether saccharin was 
paired with water or NaCl solution in the preference tests 
(Table 2). Likewise, NaCl preferences of control rats (Group 
E) were significantly greater than for treated rats (Group B) 
when NaCl was presented along with tapwater in the prefer- 
ence tests. 


DISCUSSION 


As indicated by the generally favorable responses of rats 
in the control groups to the tastants (mean preferences 
>43.6%), exposure during treatments appeared adequate to 
largely overcome neophobic responses. We _ therefore 
suggest that the significantly reduced preferences of treated 
rats (Groups A-C) were due mainly to the formation of 
CTAs. NaCl was avoided by the treated rats that were tested 
with NaCl solution and plain water (Group B; Table 2). The 
response can be explained by association of the taste of LiCl 
with postingestional illness, and by generalization from the 
taste of LiCl to that of NaCl. Nachman [31] has shown that 
laboratory rats have difficulty distinguishing between these 
tastes without repeated exposures. 

The taste of saccharin clearly overshadowed that of NaCl 
when the two tastants were presented together. Thus, sac- 
charin remained the more salient stimulus even though (a) 
LiCl was presented to the rat in the grooming context and 
saccharin in the drinking context, (b) saccharin was con- 
sumed in a shorter period of time (while drinking, 5 min or 
less) than LiCl (while grooming, usually 20 min or more), (c) 
the CS/US interstimulus interval was about | hr more for 
saccharin/LiCl than for LiCl/LiCl (where at least some test- 
ing probably occurred concurrently with postingestional ill- 
ness); and (d) the rats were provided with an opportunity to 
associate their postingestional illness directly with its causa- 
tive agent, LiCl. We concluded that, under the conditions of 
this experiment, the taste of saccharin was more important 
than the taste of LiCl or its toxic properties in determining 
the relative saliences of the tastants. 


GENERAL DISCUSSION 


To our knowledge, the results of these experiments repre- 
sent the first experimental evidence that rats taste, and can 
make qualitative and quantitative distinctions, between tas- 
tants applied to the fur. Taste and smell provide many 
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animals with signals that communicate such information as 
identity, sexual and reproductive status, and social rank of 
conspecifics, and assist in social organization. Sniffing, 
‘*kissing,’’ and licking are commonly described as behaviors 
involved with the reception of the signals, particularly scents 
(e.g., see [5,40]), but we speculate that taste perceived dur- 
ing social grooming could also play a communicative role for 
some species. It seems likely that rats, able to taste while 
self-grooming, would also be able to taste during social 
grooming. Others [29] have recently obtained evidence that 
materials are tasted during social grooming by pine voles. 

We believe that the results also represent the first pub- 
lished evidence for CTA in which the tastes were perceived 
during a behavior in which ingestion is a concomitant, but 
minor component. Although one would intuitively expect a 
sensory system to be ‘‘tuned”’ to taste stimuli during such 
activities as feeding, drinking, and social behavior, it seems 
intuitively unlikely that taste would be of great importance 
during self-grooming. Likewise, it would intuitively seem un- 
important for an animal to have evolved a mechanism for 
CTA that operates in the grooming context—particularly 
since the limited data available indicate that grooming con- 
tinues in the presence of an aversive taste. A simple expla- 
nation is that formation of a CTA is a highly generalized 
phenomenon [14] involving non-cognitive processing (see 
‘Proposition 5,”° in [13]) dependent primarily on a taste fol- 
lowed by a postingestional illness and independent of behav- 
ioral context. The similarities that we observed between the 
features of taste aversions formed in the grooming context 
and those observed by others for taste aversion formed in the 
drinking context support these views. 

Although formation of a CTA may be independent of be- 
havioral context, we note that expression of a CTA may 
influence other behaviors to different extents. For example, 
Johnston et a/. [20] have shown that aversions to sex-related 
flavors inhibit, but do not preclude, some behaviors during 
sexual activity in hamsters (Mesocricetus auratus). We (un- 
published data) have found that self-grooming continues in 
the presence of CTA in laboratory rats, perhaps with some 
modifications in components of grooming. However, Mason 
et al. [29] have recently shown that expression of a CTA 
strongly influences social grooming in pine voles. They found 
that pine voles, given CTAs to saccharin, would sub- 
sequently avoid grooming the flank of a cagemate that 
had been smeared with CMC containing saccharin. 

Testa and Ternes [14] have argued that a subject associ- 
ates an ingested object (rather than a taste per se) with illness 
in the formation of a CTA, and identifies the object by its 
taste. They proposed three phases involved with the forma- 
tion of a CTA: (a) intensification during ingestion not only of 
taste qualities, but of other qualities such as wetness, cold- 
ness, texture, and viscosity (whose temporal patterns of in- 
tensity covary) to form an associative network among all 
traits of the object; (b) association of the temporal pattern of 
oral stimulation with that of interoceptive stimulation; and, 
(c) association of extended patterns of gastric stimulation 
and postingestional illness. Using this model, Testa and 
Ternes [41] noted that the ‘‘ideal conditions for forming a 
taste aversion occur when the temporal pattern and location 
of illness are very similar to the pattern and location of in- 
teroceptive stimuli, which in turn are very similar to the 
pattern and location of taste stimulation...’’ and that ‘‘aver- 
sion conditioning should occur most readily when the poison 
is actually dissolved in a taste solution.” 

Experiment 4 can be viewed as a test of the hypothesis. 
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Two ‘‘food’’ objects were included in the design: (a) saccha- 
rin in drinking water and (b) CMC containing LiCl applied to 
the fur. CMC is used commercially as a thickening agent for 
food products so the food objects differed not only in taste 
but in texture and viscosity as well. The saccharin solutions 
were consumed relatively quickly (always 5 min or less) 
whereas grooming occurred over 20 min or more in aperiodic 
bouts. Thus, the temporal patterns of oral stimulation also 
differed between the two food objects. Further, CMC con- 
taining LiCl met criteria for ‘‘ideal conditioning”’ in that the 
tastant was the poison and temporal patterns and locations 
for oral stimulation, interoceptive stimulation, and illness 
should have closely covaried. Using the hypothesis of Testa 
and Ternes [41], one would therefore have predicted a CTA 
formed to the CMC containing LiCl. Under the conditions of 
our experiment, however, salience of saccharin appeared 
more important than factors associated with the stimuli as 
food objects. One could argue that saccharin overshadowed 
NaCl because the taste object (i.e., saccharin in drinking 
water) was used in the preference tests, whereas taste alone 
(i.e., NaCl in drinking water, not CMC containing NaCl) was 
used as the second stimulus. However, saccharin still over- 
shadowed NaCl in Experiment 3 even though tastes alone 
were used for both stimuli in the preference tests. 

From the view of rodent control in agricultural situations, 
our findings have several implications. First, if ingestion by 
grooming represents a weakness in the rat’s defenses against 
dietary poisoning, the weakness appears not due to an in- 
ability to taste a material while grooming, or to an inability to 
relate the taste to a postingestional illness—at least for one 
laboratory strain of Rattus norvegicus. Rather, the weak- 
ness appears due to repression of CTA by a stereotyped 
grooming behavior. 

Second, Experiment 4 can be viewed as a model to 
suggest how CTA might be used to protect a crop from ro- 
dent damage. In the model, saccharin represents the crop, 
CMC containing LiCl represents a ‘‘bait’’ containing a 
rodenticide (in this instance, dispensed onto the fur of the 
rodent), and the laboratory rat represents the rodent pest. 
Based on our results, it might be possible to have the pests 
from a CTA to a crop (rather than to the bait formulation; or 
to both) by using a bait whose salience is less than that of the 
crop. Since the crop may be (but is not necessarily) familiar 
to the rodent, and familiarity reduces the effects of salience 
[24,35], a very nonsalient material would probably be neces- 
sary as ‘‘bait.’’ Delivery of the ‘‘bait’’ could be at a station, 
as is the most common practice now, or by application to the 
fur (e.g., as the rodent passes along a runway). Such an 
approach might induce aversion to the crop without actually 
treating it. 

Robbins (described briefly in [37]) has recently demon- 
strated a theoretical problem associated with past attempts 
to use CTA to induce crop aversions in pests. Although his 
study involved the same CSs and US as ours, the study was 
conducted in the drinking context by using a paradigm that 
differed considerably from the one used in our Experiment 4. 
Robbins [37] attempted to “‘protect’’ a saccharin/NaCl solu- 
tion (i.e., a ‘“‘crop’’) by presenting it along with a saccha- 
rin/LiCl solution (i.e., a “‘bait’’) and water (i.e., an alterna- 
tive ‘‘food’’) simultaneously to mice (Peromyscus and Mus). 
As could be predicted from earlier studies in which rodents 
were given repeated exposures to NaCl and LiCl [31], the 
mice apparently learned to discriminate between the tastes 
of saccharin/NaCl and saccharin/LiCl, and began to ‘‘eat”’ 
the ‘‘crop.’’ The model used by Robbins [37] is roughly 





analogous to recent attempts to use LiCl to reduce coyote 
depredation of sheep [16, 17, 18]. The model is also roughly 
analogous to one approach to using CTA to induce crop 
aversion in rodents, an approach exemplified by the early 
work of Tevis [42]. In part of a series of field trials, Tevis 
coated conifer seeds with sodium fluoroacetate in a modestly 
successful attempt to protect untreated seeds from damage 
by Peromyscus spp. 

Our model does not suffer from the same constraint as the 
one used by Robbins [37] in that we assume that rodents can 
and do learn to make keen discriminations in taste. Instead, 
our model depends on several attributes of CTA, salience 
and overshadowing, to induce crop aversion. Whereas prac- 
tical considerations may eventually constrain application of 
the approach, it appears at least theoretically feasible. 

Our approach differs markedly from baiting methods in 
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common use today where baits are usually formulated to be 
as attractive to rodents as possible (e.g., see [39]). In our 
view, the necessity of highly attractive baits has not been 
demonstrated for many rodenticides and agricultural situa- 
tions, and may sometimes be disadvantageous. A highly at- 
tractive bait is also likely to be highly salient and over- 
shadow the taste of the crop, ensuring that bait-shyness is 
directed to the bait. Grooming could provide one means of 
delivering a material to a rodent pest regardless of the at- 
tractiveness of the material. 
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GUENAIRE, C., J.C. COSTA AND J. DELACOUR. Spatial discrimination with thermal reinforcement in the young rat 
PHYSIOL. BEHAV. 28(4) 725-731, 1982.—Infant rats, because of their deficient thermoregulation, are very reactive to 
thermal stimuli. In our experiences, four to ten day old animals were trained to give a discriminative locomotor response 
between two places of a symmetrical device. A correct choice was reinforced by a 30-35° air stream during twenty seconds. 
One hundred and forty Wistar rats (male and female) were submitted to a twenty trial acquisition session (intertrial 
interval=20 seconds). Those who reached a 70% correct criterion were trained to reverse their initial discrimination. 
Spontaneous alternation and ‘‘vicarious trial and errors’’ (VTE) were systematically observed. Percentages of correct 
responses in the two tests increased with age and reached a maximum in nine and ten day old rats. This increase was mainly 
due to a decrease of percentages of incorrect responses. Spontaneous alternation rate also progressed with age but did not 
reach adult level. VTE appeared in nine day old rats and were highly positively correlated with correct responses. 
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L’EXPLORATION des capacités d’apprentissage du rat 
nouveau-né est rendue difficile par la pauvreté de 
l’équipement sensori-moteur d'un organisme a un stade 
encore trés précoce de son développement. Une expérience 
préalable [17] nous a montré que des stimuli thermiques peu- 
vent étres des renforcements positifs, des ‘“‘récompenses’”’, 
trés efficaces, permettant l’acquisition et la rétention d’une 
réponse locomotrice par des rats 4gés de quatre a huit jours. 
Ce type de renforcement semble préférable a ceux utilisés 
par la plupart des auteurs: la mére [24] ou le nid [7] dans le 
cas d’un conditionnement a renforcement positif; un choc 
électrique, dans celui d’un conditionnement a renforcement 
négatif [27, 28, 29]. 

Dans le premier cas, le renforcement (la mére ou le nid) 
est une récompense trés efficace mais constitue un stimulus 
complexe, difficile 4 analyser et 4 contréler. Dans le second, 
le choc électrique risque de désorganiser le comportement 
locomoteur peu développé du rat nouveau-né. Le renforce- 
ment thermique évite ces deux inconvénients: il est bien con- 
trdlable et évoque des comportements locomoteurs nor- 
maux. Il semble particuli¢rement bien adapté au jeune rat 
puisque la thermorégulation de celui-ci est déficiente pen- 
dant les trois premiéres semaines post-natales [1, 2, 8, 10, 13, 
14, 15, 21, 33], ce qui provoque des comportements ther- 
morégulateurs, entassement [1, 2, 16] ou thermotaxie posi- 
tive [8, 13, 22, 23]. 

Cependant nous n’avions montré |’ efficacité de ce type de 
renforcement que dans un apprentissage sans discrimination: 
l’animal apprenait a passer d’une surface froide (10-12°) a 
une surface chaude (28-30°) située dans le prolongement de 
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la premiére. Utilisant les mémes stimuli thermiques, nous 
avions pu mettre en évidence la possibilité d’une discrimina- 
tion spatiale chez un certain nombre d’animaux agés de 
quatre jours seulement. Ces résultats étaient cependant dif- 
ficiles 4 interpréter: le choix entre deux surfaces, l'une en 
permanence froide et l'autre, chaude, peut s’effectuer par 
simple remontée d’un gradient thermique et non par acquisi- 
tion d'une discrimination spatiale proprement dite. Dans 
l’expérience que nous rapportons ici, nous avons étudié la 
possibilité de l’'acquisition d’une discrimination spatiale chez 
des rats agés de quatre a dix jours selon une méthode 
nouvelle: la réponse correcte était renforcée par un stimulus 
thermique temporaire ( souffle d’air chaud) appliqué aprés 
l’exécution de la réponse. La discrimination spatiale ne 
pouvait donc s’expliquer par la simple remontée d’un gradi- 
ent thermique. 

Nous avons d’autre part étudié la sensibilité thermique du 
rat nouveau-né afin de déterminer si |’évolution de la dis- 
crimination spatiale avec lage dépendait de |’évolution de 
cette sensibilité ou de l’évolution des capacités associatives 
du jeune rat. 


METHODE 
Test de Thermosensibilité 
Son but est d’étudier et d’évaluer la sensibilité thermique 
de rats 4agés de un a dix jours. Deux plaques de cuivre de 
dimensions 8(L)x5(1) cm sont placées céte-a-céte dans le 
sens de la longueur (Fig. la). L’une d’elle est a 24°, tempéra- 
ture restant constante tout au long du test. L’ autre est portée 
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FIG. 1. a. Test de thermosensibilité. Disposition des plaques 1-2 pour 
l'ensemble des rats. b. Test de discrimination spatiale. Disposition 
des plaques 1-2-3 pour les rats agés de quatre 4 huit jours. A+: 
arrivée renforcée. A—: arrivée non renforcée. D: départ. 


a l'une des températures suivantes: 25°, 26°, 28°, 30°, 32°, 
35°. Deux cent soixante rats 4gés de un a dix jours, males et 
femelles, ont été testés. La méthode utilisée est la suivante: 
chaque rat est déposé sur la ligne de jonction entre la plaque 
a température constante (Ptc) et la plaque a température var- 
iable (Ptv). Selon son comportement, il recoit une note 
pouvant étre 0, 1, 2 ou 3: 

0: aucun mouvement d’orientation vers Ptv, ou orienta- 
tion vers Ptc; 

1: orientation de la téte et de la moitié longitudinale du 
corps reposant déja sur Ptv, vers Ptv; 

2: passage de toute la moitié antérieure du corps sur Ptv; 
3: passage du corps entier sur Ptv. 

L’ animal subit cing essais d’une durée maximale de trente 
secondes chacun, séparés par un intervalle de dix secondes, 
au cours desquelles il est tenu dans la main de 
l’expérimentateur. Pour chaque essai, il recoit une note re- 
flétant la derniére de ses réponses. La position relative des 
plaques Ptc et Ptv d’essai en essai est déterminée par une 
succession aléatoire pour éviter de créer une situation 
d’apprentissage. Entre chaque essai, les plaques sont 
passées a l’alcool a 70° pour éliminer l'utilisation par I’ animal 
d’éventuels repéres olfactifs. La durée totale du test est in- 
férieure a trois minutes. La température des plaques est vér- 
ifiée au début et a la fin de chaque test; une variation égale ou 
supérieure a cing dixiémes de degré entraine l’annulation du 
test. Pour chaque jour d’age, de un a huit jours, des groupes 
différents de cing rats ont été testés avec l’un des six écarts 
de température considérés. Deux cent quarante rats ont ainsi 
été testés. Chez les rats de neuf et dix jours, le test n’a été 
appliqué que pour les écarts 24-25° et 24-35°. 

Cette épreuve semble étre purement sensorielle et ne pas 
mettre en jeu la thermorégulation pour les raisons suivantes: 
le test est de courte durée et entre chaque essai, les animaux 
sont tenus dans la main de |’expérimentateur. Ces conditions 
empéchent qu’ils se refroidissent et donc que leur ther- 
morégulation soit sollicitée. 


Discrimination. Spatiale 


Sujets. Cent quarante rats albinos, de souche Wistar, 
males et femelles, 4gés de quatre a dix jours, et pesant de 
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FIG. 2. Test de discrimination spatiale. Disposition des plaques 
1-2-3-4-S pour les rats agés de neuf et dix jours. A+2-3: arrivée 
renforcée. A— 4-5: arrivée non renforcée. D: départ. 


huit a quinze grammes ont été utilisés. Ils ont été répartis en 
sept groupes de vingt rats selon lage. 

Matériel. Il a été décrit dans notre précédent article [17]. 
En bref, il se compose de trois a cing plaques de cuivre de 
dimensions 8 (L) x 5(1) cm chacune. Ces plaques sont munies 
d’un socle sur l'une de leurs faces. L’immersion de ce socle 
dans une cuve d’eau permet de porter la plaque a une tem- 
pérature déterminée. Au cours de cette expérience, la tem- 
pérature des plaques est de 24°; des essais prélables nous ont 
montré que cette température est modérément aversive pour 
un jeune rat. Elle motive suffisamment la recherche d’une 
source de chaleur sans entrainer une activité désordonnée. 

Selon l’age des animaux, les plaques sont disposées de 
maniére a constituer une surface de déplacement adaptée a 
leur taille. Deux surfaces planes sont ainsi réalisées: au 
moyen de trois plaques pour les rats agés de quatre a huit 
jours (Fig. 1b), de cing plaques pour ceux agés de neuf et dix 
jours (Fig. 2). Les bords de ces surfaces planes restent libres, 
les animaux ne cherchant qu’exceptionnellement a 
s échapper. De plus, la présence de parois autour des dis- 
positifs risque d’entrainer de la part du jeune rat un com- 
portement de thigmotactisme positif pouvant entrer en 
compétition avec la tache qui lui est proposée. II nous a donc 
paru préférable de | éviter. 

Un séchoir électrique permet d’administrer a environ sept 
centimetres au dessus de l’animal un souffle d’air chaud a 
température comprise entre 30 et 35°, au moment déterminé 
par l’expérimentateur. Ce souffle d’air chaud constitue un 
renforcement positif, une récompense, comme des essais 
préliminaires nous l’ont montré: il provoque de facgon con- 
stante une réponse d’approche de la part d’un rat nouveau- 
né. Les deux épreuves de cet apprentissage, discrimination 
spatiale et son renversement, ont lieu le méme jour, entre 
neuf et seize heures. 

Acquisition de la discrimination spatiale. Elle se déroule 
en deux phases: une phase préliminaire, composée de cing 
essais, durant chacun cent vingts secondes et séparés par un 
intervalle de vingt secondes. Elle est destinée 4 mettre en 
évidence la préférence latérale spontanée de |’animal, et la 
fréquence de son comportement d’alternance spontanée. La 
préférence latérale est la tendance de |’animal 4a se diriger 
spontanément vers le méme cété du dispositif expérimental, 
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FIG. 3. Test de discrimination spatiale. Discrimination initiale. Evo- 
lution du pourcentage de Réponses correctes avec |’age. RC: ré- 
ponses correctes. J: jours d’age. 


au cours d’essais consécutifs. L’alternance spontanée est, 
dans un dispositif donnant le choix entre deux directions de 
déplacement, la tendance de |’animal a choisir spontanément 
a l’essai n+1 la direction opposée 4a celle choisie a l’essai n. 

Au début de chaque essai, l’animal est déposé au centre 
de la plaque de départ (D). Son choix est considéré comme 
effectué lorsque ses deux pattes antérieures ont franchi la 
ligne de jonction entre D et l'une des deux plaques d’arrivée 
(A). Quel que soit le cété choisi, donc la plaque A sur 
laquelle il se trouve a la fin de son déplacement, il recoit un 
souffle d’air chaud pendant vingt secondes. Toutes ses ré- 
ponses sont donc renforcées. 

Sa préférence latérale est déterminée par le nombre de 
choix respectifs des plaques A droite et gauche. La plaque A 
dont le choix sera la réponse correcte lors de l’épreuve de 
discrimination sera l’opposée de celle *‘préférée’’ spontané- 
ment. La fréquence du comportement d’alternance spon- 
tanée est observée. Ce comportement est défini par le choix 
a essai n+1 du cété opposé a celui choisi a l’essai n. Sur 
cing essais, il y a quatre possibilités d’alternance: lorsqu’il a 
franchi cette premiére étape, |’'animal est soumis a |’ épreuve 
de discrimination spatiale aprés un repos de trois minutes. 
Cette épreuve consiste en une séance de vingt essais d'une 
durée maximale de cent vingts secondes chacun, séparés par 
un intervalle de vingt secondes. Au début de chaque essai, 
l’animal est placé au centre de la plaque D. La plaque corre- 
spondant au choix correct, vers laquelle il devra se diriger 
pour recevoir le souffle d’air chaud, est dite plaque A+(ren- 
forcée). Celle qui correspond au choix incorrect et sur 
laquelle il ne recoit jamais le souffle d’air chaud est dite 
plaque A— (non renforcée). Le choix de l’animal, correct ou 
incorrect, est considéré comme effectué et noté lorsque ses 
deux pattes antérieures et l'une de ses pattes postérieures 
ont franchi la ligne de jonction entre D et A+, ou entre D et 
A-—. Dés ce moment, il recoit le souffle d’air chaud pendant 
vingt secondes s’il a choisi d’aller sur A+; s’il a choisi d’aller 
sur A—, il y demeure pendant vingt secondes sans recevoir le 
souffle. Il a la possibilité de corriger son choix en cours 


d’épreuve, c’est-a-dire de revenir vers A+ aprés s’étre 
orienté vers A Il est alors récompensé, mais seul son 
choix initial est retenu. Un comportement tout a fait par- 
ticulier, consistant a orienter la téte d'un cété et de l'autre de 
fagon répétée avant de faire le choix a été spécialement ob- 
servé. Ces oscillations, caractéristiques des situations 
d’apprentissage discriminatif ot deux stimuli sont présentés 
simultanément a Il’animal, sont décrites chez le rat adulte, 
sous le terme de ‘“‘Vicarious Trial and Errors’’ (VTE), 
[30,31]. Au cours des intervalles inter-essais, le jeune rat est 
tenu dans la main de l’expérimentateur; les plaques sont es- 
suyées et interverties, de maniére a éliminer toute possibilité 
de repérage olfactif ou tactile. Le rat qui n’effectue aucun 
choix, qui s’agite au point de tomber de la plaque D, ou dont 
le choix nous semble impossible a déterminer au cours de dix 
essais consécutifs ou non, est éliminé. Celui qui atteint un 
pourcentage de réponses correctes égal ou supérieur a 70% 
est retenu et soumis a l’épreuve de renversement de dis- 
crimination, cing minutes aprés le dernier essai de la dis- 
crimination initiale. 

Renversement de la discrimination initiale. L’ animal doit, 
pour effectuer un choix correct, aller du cété opposé a celui 
dont le choix était renforcé lors de |’épreuve initiale de dis- 
crimination. Cette épreuve consiste en une séance de vingt 
essais d’une durée maximale de cent vingts secondes chac- 
un, séparés par un intervalle de vingt secondes. Le 
protocole est en tous points identique a celui de la séance 
précédente. Le pourcentage de réponses correctes et la fré- 
quence des VTE sont notés. 

Toutes les expériences se déroulent dans une cabine de 
test. Il s’agit d’une piéce de dimensions 2,50 1,50 3(h) m, 
ou les conditions de température, d’éclairement et 
d’étanchéité aux stimuli extérieurs sont stables. La tempéra- 
ture y est maintenue a 22°. L’éclairage, diffus, a une intensité 
faible (20 lux) pour éviter de stresser le jeune rat qui, malgré 
ses paupiéres closes, pourrait étre sensible a une lumiére 
plus forte. Il ne semble pas pouvoir orienter les animaux 
dans une direction déterminée. Aucune source sonore ne 
peut constituer un repére ou orienter les animaux. D’autre 
part, la mére et sa portée ne sont jamais présents dans cette 
cabine car ils pourraient constituer un stimulus olfactif 
directionnel. 

La température de la cabine de test ainsi que celle des 
plaques sont vérifiées avant chacune des deux épreuves, et 
une fois au moins, au cours de chacune d’elle. 

Par contre, nous n’avons pas mesuré la température 
rectale des rats pendant le test. En effet, la mise en place de 
la thermosonde au cours des diverses épreuves, risquait de 
perturber les animaux et d’influencer leurs performances. 

Cette tache semble bien étre, telle quelle est proposée a 
l’animal, une discrimination spatiale proprement dite plutdot 
qu'une épreuve de conditionnement operant. Il existe en 
effet une relation topographique nette entre la réponse que 
doit produire |’animal et le renforcement de cette réponse. 
Les conditionnements operant, au sens strict du terme [40] 
se caractérisent par l’absence de relation topographique 
entre réponse et renforcement. 


RESULTATS 
Test de Thermosensibilité 


Les médianes des scores totaux, 4 chaque jour d’age et 
pour chaque écart de température, sont exposées par le Ta- 
bleau 1, selon le systéme de notation adopté dans le 
protocole de ce test. Il y a en principe, une relation crois- 
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Médianes des scores totaux obtenus par les rats, pour chaque 
écart de température (E) et par jour d’age (J). 


sante entre la valeur du score et le degré de thermosensibil- 
ité. 

Les scores les plus élevés, pour tous les écarts de tem- 
pérature considérés, sont obtenus par les animaux agés de un 
et deux jours. La note maximale, 15, est obtenue par les 
animaux de deux jours. Les scores, a chaque jour d’age, 
augmentent au fur et 4 mesure que |’écart entre deux tem- 
pératures augmente, ce qui confirme que le test est une me- 
sure de thermosensibilité. 

Il est essentiel de comparer entre eux les scores obtenus 
par les animaux soumis aux tests d’apprentissage, c’est-a- 
dire des rats 4gés de quatre a dix jours, pour | écart de tem- 
pérature 24-35° utilisé dans ces tests. 

Le test d’analyse de variance non paramétrique de 
Kruskal-Wallis [39] a été appliqué aux sept groupes d’age 
(quatre a dix jours); il n’a révélé aucune différence signifi- 
cative. H=5,87; df=6; p>0,30. Par conséquent, on peut 
penser que |’évolution des performances dans la discrimina- 
tion spatiale au cours de la période de quatre a dix jours n’est 
probablement pas due a un changement de thermosensi- 
bilité. 


Discrimination Spatiale 


Préférence latérale spontanée. Dans tous les groupes 
d’age, les ‘‘préférences’’ pour le cété droit et le coté gauche 
du dispositif ont une fréquence trés voisine. 

Alternance spontanée. Le taux d’alternance spontanée, 
trés faible jusqu’au huitiéme jour, atteint seulement 58% au 
dixiéme jour. 

Le pourcentage de rats ayant un niveau d’alternance 
supérieur 4 50% augmente avec |’Age. Cette augmentation, 
sensible dés le neuviéme jour, n’apparait de facgon nette 
qu’au dixiéme jour. Le nombre maximum d’alternance étant 
quatre, les sujets de chaque Age ont été divisés en trois 
groupes: 

I. sujets ayant effectué un nombre faible d’alternance (0 
ou 1). 

II. sujets ayant effectué un nombre moyen d’alternance 
(2) 


III. sujets ayant effectué un nombre élevé d’alternance (3 


ou 4). 
Le test de proportions de Fisher [39] montre que la répar- 
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tition de sujets dans ces trois groupes varie avec l|’age. La 
proportion de sujets dans le groupe III au dixiéme jour est 
significativement plus élevée (p<0,05) qu’aux quatriéme, 
cinquiéme, sixiéme et septiéme jours. 

Discrimination. Les pourcentages de réponses correctes 
augmentent avec l’aAge (Fig. 3). Ces pourcentages, pour 
chaque jour d’age, ont été d’abord soumis a un test global 
d’analyse de variance (F de Snedecor) qui s’est révélé 
significatif: F(6/133)=3,742, p<0,001. 

Ces pourcentages ont été ensuite comparés deux a deux 
par le test de Tukey qui révéle une différence significative 
(p<0,05) entre les pourcentages moyens de réponses cor- 
rectes des quatriéme et huitiéme jours, quatriéme et 
neuvieme jours, quatri¢éme et dixiéme jours. Un test de 
linéarité [37] montre que l’évolution de ces pourcentages de 
réponses correctes avec l’4ge ne différe pas significative- 
ment d’une fonction linéaire: F(6/133)=0,57, p>0.05. 

Cependant, la Fig. 3 suggére l’existence de deux paliers: 
le premier formé par les cinquiéme, sixiéme et septiéme 
jours, et le second, par les neuviéme et dixiéme jours. 

L’analyse statistique confirme l’existence de ces deux 
paliers. Les performances moyennes des rats agés de cing a 
sept jours sont significativement supérieures a celles des rats 
de quatre jours, #(78)=2,45, p<0,02, et significativement in- 
férieures a celles des rats de neuf et dix jours, 1(98)=2,99, 
p<0,01. Le pourcentage moyen de rats donnant 70% de ré- 
ponses correctes augmente avec |’age: de 10% au quatriéme 
jour, il passe a 35% aux neuviéme et dixiéme jours. 

Les animaux ont été répartis en trois classes selon leurs 
performances: 

I. rats donnant des pourcentages faibles de réponses cor- 
rectes, entre 10 et 35%. 

II. rats donnant des pourcentages moyens de réponses 
correctes, entre 40 et 65%. 

III. rats donnant des pourcentages élevés de réponses 
correctes, égaux ou supérieurs a 70%. 

Cette répartition montre que le nombre de rats donnant 
des faibles pourcentages de réponses correctes diminue de 
fagon remarquable au fur et 4 mesure du développement 
(Fig. 4). Le test de proportions de Fisher [39] montre que la 
répartition de rats dans ces trois classes varie avec |’age. La 
proportion de rats dans la classe III au neuviéme jour est 
significativement plus élevée qu’aux quatriéme et cinquiéme 
jours (p<0,05); au dixiéme jour, elle est significativement 
plus élevée qu’aux quatriéme, cinquiéme et septiéme jours 
(p<0,05). 

Les premiéres oscillations de téte de type VTE apparais- 
sent au neuviéme jour. La probabilité pour qu’une réponse 
soit correcte est beaucoup plus élevée lorsqu’elle a été pré- 
cédée d'une VTE, comme l’indique le test du x”: ,7(1)=8,39, 
p<0,01. 

Renversement de la discrimination initiale. Les rats qui 
donnent un pourcentage de réponses correctes égal ou 
supérieur 4 70% sont soumis a |’épreuve de renversement. 
Dans le groupe des rats de quatre jours, un seul animal a 
obtenu ce score. Nous n’avons donc considéré que les résul- 
tats des animaux 4gés de cing a dix jours. Les pourcentages 
moyens de réponses correctes augmentent avec |’age, 
comme dans la discrimination initiale (Fig. 5). Ils ont été 
d’abord soumis, pour chaque jour d’age, a un test global 
d’analyse de variance (F de Snedecor) qui s’est révélé 
significatif: F(5/25)=2,60, p=0,05. 

Le test de Tukey révéle une différence significative 
(p<0,05) entre les pourcentages moyens de réponses cor- 
rectes des cinquiéme et neuviéme jours, cinquiéme et dix- 
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FIG. 4. Test de discrimination spatiale. Discrimination initiale. 
Pourcentages de rats dans chaque classe de pourcentages de ré- 
ponses correctes par jour d’age. I: 10 a 35%; II: 40 a 65%; III: 70a 
90%. J: jours d’age. 


iéme jours, sixiéme et dixiéme jours. Comme dans la dis- 
crimination initiale, l’évolution des performances selon 
l’age des sujets ne différe pas significativement d’une fonc- 
tion linéaire: F(5/25)=0,1, p>0,05. 

La pente de la droite qui la représente est cependant plus 
accentuée que dans la discrimination. Le traitement statis- 
tique (comparaison des pentes de deux droites, [37]; montre 
que les pentes des droites qui représentent le mieux 
l’évolution de la discrimination initiale et de son renverse- 
ment différent significativement (p<0,01). Celle de 
l’évolution du renversement est plus forte (7.17) que celle de 
la discrimination initiale (3.36). Cette difference est 
probablement die a l’absence de palier dans |’évolution des 
performances de l’épreuve de renversement. 


DISCUSSION 
Alternance Spontanée 


Le taux d’alternance spontanée n’atteint que 58% au dix- 
iéme jour. Il est donc nettement inférieur a celui de |’adulte 
qui s’éléve a 85% [12]. Nos résultats, montrant les faibles 
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FIG. 5. Test de discrimination spatiale. Renversement. Evolution du 
pourcentage de réponses correctes avec l’Age. RC: réponses cor- 
rectes. J: jours d’age. 


capacités d’alternance du jeune rat, sont en accord avec 
ceux de nombreux auteurs [6, 12, 26]. Une tendance a 
l’accroissement de son taux est néanmoins perceptible entre 
le quatriéme et le dixiéme jour, comme le montre 
l’augmentation de la proportion de sujets alternant trois ou 
quatre fois sur quatre. 


Discrimination Spatiale et Renversement 


Les performances dans I’acquisition de la discrimination 
spatiale augmentent avec |’age. Cette évolution du pourcen- 
tage de réponses correctes au cours du développement est 
progressive; elle ne différe pas, comme nous lI’a indiqué le 
test de linéarité, d’une fonction linéaire. Cependant la Fig. 3, 
ainsi que l’analyse statistique, nous ont permis de distinguer 
deux paliers: le premier constitué par les performances des 
animaux agés de cinq, six et sept jours et le second par celles 
des rats de neuf et dix jours. Ces paliers reflétent peut-étre 
des étapes critiques de la maturation de certains systémes 
neurologiques. L’identification de ces systémes est encore 
prématurée car plusieurs facteurs contrélent les perform- 
ances de notre test de discrimination. Cependant, il semble 
que ces paliers ne reflétent pas |’évolution des systémes mis 
en jeu par la thermosensibilité puisque, selon nos mesures, 
celle-ci n’évolue pas entre le quatriéme et le dixiéme jour. La 
perception du stimulus thermique est donc probablement 
constante pendant toute cette période. 

Par contre, la thermorégulation évolue sensiblement avec 
lage, notamment entre quatre et dix jours [1, 2, 13, 22]. Trés 
déficiente chez le nouveau-né, elle augmente progressive- 
ment au cours des trois premiéres semaines post-natales et 
n’est véritablement comparable a celle de l’adulte qu’aprés 
le dix-huitiéme jour [33]. 

Cette évolution de la thermorégulation peut étre mise en 
paralléle avec celle de la discrimination spatiale. Il est 
cependant difficile d’établir un lien de causalité entre ces 
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deux évolutions. En effet, dans un test aussi complexe que la 
discrimination spatiale, les performances des rats peuvent 
dépendre de nombreux facteurs, et il nous est difficile 
d’établir des relations entre elles et la thermorégulation. Une 
situation plus simple, proposant aux animaux d’effectuer une 
réponse d’approche sans discrimination motivée par des 
stimuli thermiques, nous parait mieux pouvoir refléter |’ état 
de la thermorégulation 4 un Age donné, et son évolution au 
cours du développement. Ainsi, dans un travail antérieur 
[17], nous avions constaté que la latence d’approche d’une 
plaque froide vers une plaque chaude était plus courte lors 
des premiers essais chez des rats 4gés de moins de vingt- 
quatre heures, un et deux jours que chez des rats agés de 
trois 4 huit jours. Ce fait pourrait s’expliquer par une moti- 
vation plus intense chez les animaux les plus jeunes, die 
elle-méme a une thermorégulation plus déficiente que celle 
des animaux plus agés. 

Il est 4 noter cependant que des stimuli thermiques peu- 
vent étre des renforcements efficaces méme chez le rat 
adulte [8, 9, 41]. 

D’autre part, cette discrimination spatiale ne semble dé- 
pendre d’aucun stimulus extéroceptif discriminatif. Cette 
possibilité est exclue par le nettoyage et l’interversion des 
plaques entre chaque essai. Les stimuli discriminatifs utilisés 
par le rat nouveau-né dans notre test sont donc probable- 
ment de nature proprioceptive (kinesthésique et/ou ves- 
tibulaire): les stimuli provoqués par la rotation et le dé- 
placement vers la plaque A+. Le fait que la probabilité d’un 
choix correct est beaucoup plus élevée lorsqu’il est précédé 
par des oscillations de la téte de type VTE est un argument 
en faveur de l'utilisation de stimuli discriminatifs kines- 
thésiques et vestibulaires. L’ apparition de ce type de com- 
portement au neuviéme jour explique peut-étre que les per- 
formances atteignent un maximum 4a |’age de neuf et dix 
jours. L’importance probable de facteurs kinesthésiques et 
vestibulaires suggére que |’évolution ontogénétique des per- 
formances dans notre test de discrimination dépend large- 
ment de la maturation du cervelet et des voies de la 
proprioception. Cette hypothése peut, a premiére vue, 
sembler paradoxale du fait de la lenteur du processus de 
maturation du cervelet, qui ne s’achéverait que vers la fin du 
troisiéme mois [20]. 
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Cependant, le fait que le niveau de discrimination atteigne 
son maximum aux neuviéme et dixiéme jours peut étre rap- 
proché de quelques aspects de la maturation du cervelet: la 
multi-innervation des cellules de Purkinje par les fibres 
grimpantes, typique d’un stade immature, régresse a partir 
des neuviéme et dixiéme jours. A cette date, apparaissent les 
actions excitatrices des fibres paralléles sur les cellules de 
Purkinje, des fibres moussues sur les cellules en grains, et 
inhibitrices—des cellules de Golgi sur les cellules en 
grains—vers le dixiéme jour [11, 35, 38]. D’autre part, les 
canaux semi-circulaires seraient bien développés dés le 
septiéme jour [32]. 

D’autres facteurs, moins spécifiques, peuvent inter- 
venir: chez un certain nombre de rats, le pourcentage de 
réponses correctes est particuli¢rement faible—moins de 
35%—nettement inférieur 4 ce que produirait un choix au 
hasard (50%). Ces animaux n’ont donc, non seulement pas 
acquis la réponse renforcée, mais ont eu tendance a donner 
systématiquement la réponse non renforcée. Ce comporte- 
ment paradoxal peut étre interprété en terme de persistance 
ou de développement d’une préférence latérale plus qu’en 
celui d’aversion pour le stimulus renforgant puisque lors de 
l’épreuve préliminaire, les animaux pour lesquels le souffle 
d’air chaud semblait étre aversif avaient été éliminés. I] tend 
a disparaitre avec l’Age comme le montre la Fig. 4. C'est 
d’ailleurs sa régression qui est en grande partie responsable 
de la progression des performances moyennes avec |’age. 
L’élimination de cet “‘error factor’’ [18, 19, 25] est peut-étre 
die au développement des capacités d’inhibition, qui est l'un 
des aspects les plus importants de l’ontogenése du rat [3, 4, 
12, 34, 36). 

Dans | épreuve de renversement, la progression des per- 
formances avec l’age semblerait refléter, plus encore que 
dans la discrimination initiale, ce développement des 
capacités d’inhibition, puisque la réponse initialement ac- 
quise n’est plus renforcée. 

Enfin, cette progression doit étre également rapprochée 
de l’évolution du comportement locomoteur d’exploration. 
Celui-ci, comme tendent a le prouver les données de 
l’éthologie du rat, semble se développer particuliérement a 
partir du neuviéme jour [5,28]. 
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WILSON, M. E., T. P.- GORDON AND D.C. COLLINS. Age differences in copulatory behavior and serum 17 B-estradiol 
in female rhesus monkeys. PHYSIOL. BEHAV. 28(4) 733-737, 1982.—Young, sexually mature female rhesus monkeys 
housed in outdoor groups have been found to exhibit significantly longer mating periods associated with first conception 
compared with the duration of the annual mating period exhibited by older, multiparous females. An analysis of the sexual 
behavior and corresponding serum concentrations of 178-estradiol (E2) and progesterone (P) in two age groups of rhesus 
females revealed that young females copulated on significantly more days prior to the E2, ovulatory peak than did older 
females. Serum concentrations of E2 were significantly higher from —30 to Day —10 prior to the E2 peak (Day 0) in 
young females. Estradiol concentrations were similar for both age groups during the remaining follicular and periovulatory 
period. No age differences in serum P were observed between the two groups. Serum E2 levels associated with the onset of 
mating were similar in the two age groups with levels rising from 73.5+4.0 pg/ml prior to mating to 97.2+4.6 pg/ml. Thus the 
hormonal profile associated with the onset of mating is similar for both age groups, and the earlier occurrence of mating 


behavior prior to ovulation in young females is accounted for by an earlier rise in serum E2. 


Female sexual behavior Estradiol Age 


THE copulatory pattern of rhesus monkeys (Macaca 
mulatta) living in outdoor environments has been well 
documented. Mating behavior is confined to a portion of the 
year [17,22], and within the breeding season individual 
female copulatory activity is typically restricted to a discrete, 
10 to 15 day period preceding the estimated date of concep- 
tion [7, 14, 18, 19]. Recent observations of rhesus monkeys 
living in outdoor compounds indicate that the duration of the 
first mating period of the breeding season varied as a func- 
tion of the age of the female, with young, sexually-mature 
females copulating on significantly more days prior to the 
estimated day of conception compared to older females [24]. 
The present report examines the hormonal correlates of this 
age difference in the mating pattern. 

Studies of rhesus monkeys in a laboratory pair-test situa- 
tion reveal a correspondence between sexual behavior and 
serum hormone levels. In this environment, females copu- 
late throughout a menstrual cycle with the periovulatory in- 
crease in behavior associated with rising 178-estradiol (E2) 
levels [16,20]. Furthermore, the discrete period of copulat- 
ory behavior exhibited by female rhesus monkeys housed in 
outdoor compounds was restricted to the follicular phase of 
an ovulatory cycle as serum E2 levels rose and ceased sev- 
eral days after ovulation as serum progesterone (P) concen- 
tration increased [11]. These data suggest that female 
copulatory behavior is closely associated with changes in 
serum hormone levels and that the age differences in the 
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duration of the mating periods associated with conception 
may be accounted for by differences in estrogenic stimula- 
tion. One possibility is that serum E2 levels may rise earlier 
prior to ovulation in young females, and thus account for the 
earlier onset of copulatory activity in this age group. Alter- 
natively, there may be no differences in the follicular serum 
patterns of E2 between young and older females but young 
females may be more sensitivite to an existing level of E2 
than are older females, and may thus show an earlier onset 
of sexual behavior. In order to address this issue, the 
copulatory behavior of two age groups of female rhesus 
monkeys living in an outdoor compound was monitored and 
serum levels of E2 and P were assessed. The study deter- 
mined whether there were age-differences in serum hormone 
patterns in ovulatory cycles, and how these patterns were 
related to age-dependent differences in copulatory activity. 


METHOD 


Animals 


Subjects were 18 female rhesus monkeys who were mem- 
bers of a large heterosexual group containing 8 sexually ma- 
ture males, 15 additional adult females, and 30 immature 
animals. Of the 18 subjects, 9 females, having a mean age of 
3.8 years (SD=0.4), were studied during their first adult 
breeding season, and were thus nulliparous. The other 9 sub- 
jects, all 6 yrs of age or older, were randomly selected from a 
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pool of females (N=17) who were multiparous. All animals 
were housed in a 38.3x38.3 outdoor compound with at- 
tached indoor quarters [12]. Animals were fed commercial 
monkey chow and fresh fruit daily and had ad lib access to 
water. 


Procedure 


Behavioral data were collected daily from September 
through January. Observations were made 3 hr per day 
seven days a week. Animals were locked from access to their 
indoor quarters during observation periods. All copulations, 
characterized by male to female mounting with penile in- 
tromission culminating in ejaculation were recorded. For 
each individual female, a serial record of days on which she 
was observed to copulate was generated, and a discrete 
period of mating was defined as the number of days between 
the first and last copulation. Rhesus monkeys housed in this 
compound environment show an annual rhythm in sexual 
behavior, with most females impregnated on their first ovu- 
lation of the season [11]. The first copulatory period and 
associated endocrine profile of the breeding season for each 
female was used in the present analysis. Social dominance 
rank was determined for each animal based on the outcome 
of dyadic agonistic interactions [6]. 

Animal capture for venipuncture was accomplished by 
driving the females from the compound into a separate cage 
area of their indoor quarters. From there, they were trans- 
ferred individually to a squeeze cage, where without anes- 
thetic they presented a leg for venipuncture in the saphenous 
vein. Blood samples were collected between 1100 and 1200 
hr three days a week (Monday, Wednesday, Friday) from 
each female. Once a female exhibited copulatory activity, 
blood was collected daily from that female throughout her 
copulatory period and until four days had elapsed without 
copulations. At this point, a three day a week blood collec- 
tion schedule was resumed and maintained for at least 3 
weeks. Five ml of blood were collected at each bleeding, and 
serum samples were prepared and stored at —20°C until as- 
sayed. 

Validation of radioimmunoassay procedures was de- 
scribed previously for E2 [28] and P [25]. For radioim- 
munoassay of E2, 200 ul of serum was extracted in duplicate 
with 2 ml benzene. Extracts were dried and assayed. The 
standard curve ranged from 2 to 80 pg with a sensitivity of 2 
pg and a 50% binding point at 35 pg. The within- and 
between-assay coefficients of variation were 5.3% and 8.5%, 
respectively. For radioimmunoassay of P, 50 ul of serum 
was extracted in duplicate with 2 ml of anesthesia grade 
ether. The P standard curve ranged from 10 to 400 pg with a 
sensitivity of 10 pg and a 50% binding point of 100 pg. The 
within- and between-assay coefficients of variation were 
6.3% and 10.2% respectively. 


Analysis 


All data are expressed as Mean+SE. Age differences in 
the duration of copulatory periods were determined by 
t-tests. Differences in serum hormone levels between the 
two groups throughout an ovulatory cycle were analyzed by 
a two-way analysis of variance with repeated measures. Age 
differences at specific times in the cycle were evaluated by 
the Newman-Kuels test (CRy_x) which utilized the individual 
error variance for each comparison [15]. The relationship 
between female dominance rank and the incidence of copu- 
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FIG. 1. Distribution of females copulating on days from the E2 
ovulatory peak (Day 0). 


lation was evaluated by the Spearman rank-order correla- 
tion. 


RESULTS 


Each female exhibited a discrete period of copulatory be- 
havior which was associated with the first ovulation of the 
breeding season. Young females showed a significantly longer 
period of copulatory activity (21.6+2.4 days) than did older 
females (11.0+1.3 days; 1(16)=3.66, p<0.05). Figure 1 pre- 
sents the percent of females copulating as a function of days 
from the ovulatory E2 peak. Among the young females 100% 
were copulating by 9 days prior to the E2 peak whereas 100% 
of the old females were not copulating until one day prior to 
the E2 peak. The significantly longer duration of the mating 
period for young females was due to these animals copulat- 
ing on more days prior to the E2 peak (18.6+2.4 days) com- 
pared to old females (8.6+1.2 days; 1(16)=3.44, p<0.05). 
There was no significant difference in the number of days 
following the E2 peak on which females copulated between 
the young (3.0+0.3 days) and old animals (2.4+0.5; 
t(16)=0.92, p>0.05). Thus, the longer duration of mating 
exhibited by young females is due to the earlier onset of 
copulatory activity prior to the E2 peak. 

The profile of serum E2 and P corresponding to the dis- 
crete mating periods for each age group is depicted in Fig. 2. 
Illustrated are the mean composites of hormone levels for 
the first ovulation of the breeding season. For the analysis of 
age-differences in hormone levels, data were categorized in 
10 day blocks from the E2 peak. As can be seen, there were 
no differences between the two groups in serum P levels at 
any time from 70 days prior to the E2 ovulatory peak through 
3 weeks following ovulation. In contrast, there was a signifi- 
cant difference in serum E2 levels between the two groups, 
F(5,80)=31.6, p<0.05. An analysis of differences in serum 
E2 levels at each of the 10 day blocks revealed that E2 con- 
centrations were significantly greater for young females from 
30 to 21 days and 20 to 11 days prior to the E2 peak than for 
older females (p<0.05). No age differences in serum E2 were 
found prior to Day —30 or after Day —10 through the 
periovulatory and early luteal periods. Thus, during the first 
ovulatory cycle of the breeding season, serum E2 levels were 
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FIG. 2. Composite serum levels (Mean+SE) of E2 and P for young 
(@—@) and old (O---O) females from 72 days prior to the E2, 
ovulatory peak (Day 0) through 18 days following the peak. 


found to rise earlier prior to the E2 peak in young females. 
Within 10 days of ovulation, E2 concentration of older 
females increased and were indistinguishable from those of 
young females. 

In order to examine the presence of any age differences in 
E2 concentrations associated with the onset of mating, mean 
serum levels for both the 3 day period preceding the onset of 
mating activity and the first 3 days of mating were determined 
for each female, and a group mean for both age classes was 
calculated (Fig. 3). There was no significant difference in E2 
concentrations between the two age groups, F(1,16)=1.00, 
p>0.05, for the period immediately prior to the onset of mat- 
ing or the 3 day period after it had begun (Newman-Kuels, 
Critical Range, p>0.05). Although there was no age effect, 
serum E2 levels increased significantly in both age groups 
from the 3 days prior to the onset of mating (73.5+4.0 pg/ml) 
to the first 3 days of copulatory activity (97.2+4.6 pg/ml; 
F(1,16)=15.94, p<0.05. Thus, the onset of the discrete 
period of mating in both age groups was associated with a 
significant rise in serum E2, an event which occurred earlier 
with respect to subsequent ovulation in the younger females. 

The observed age differences in copulatory behavior were 
not related to social or other demographic variables. Female 
dominance rank was not related to the duration of the mating 
periods (rho=0.19). In addition, the rate of copulatory be- 
havior during the mating periods was similar for both young 
(0.369+0.017 cop/hr) and old female (0.400+0.023 cop/hr; 
t(16)=1.02, p>0.05). Finally, differences in the duration of 
the mating period were not related to reproductive outcome 
as 8/9 of the young females and 8/9 of the old females were 
impregnated on this first ovulation of the breeding season, 
and all carried successfully to term. 


DISCUSSION 


Confirming an earlier report [24], young sexually mature 
female rhesus monkeys were found to exhibit a longer period 
of sexual activity associated with the first ovulation of the 
breeding season than did older adult females with young 
animals copulating on more days prior to the E2, ovulatory 
peak than older animals. Herein we have established that 
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FIG. 3. Serum E2 concentrations for the 3 days prior to the begin- 
ning of female copulatory activity (‘‘Pre-Onest’’) and for the first 3 
days of copulations (‘‘Onset’’) for both young (stippled bar) and old 
females (open bar). 


this age difference in the duration of mating periods is asso- 
ciated with an earlier rise in follicular levels of serum E2 
prior to ovulation in young females. Serum E2 levels were 
significantly higher from Day —30 to Day —10 prior to ovu- 
lation in the young age group compared with older females 
and this corresponded to the period of observed differences 
in copulatory activity. 

The observed behavioral and hormonal differences be- 
tween the age groups were not related to differences in social 
dominance status. Rather, both age classes exhibited 
copulatory activity when serum E2 rose from low follicular 
levels to approximately 95 pg/ml, suggesting that the hor- 
monal requirements for the onset of sexual behavior are simi- 
lar for all females. Thus, the earlier onset of copulations by 
young females is attributable to the earlier rise in serum E2 
rather than young females being behaviorally more sensitive 
to low levels of E2. This age difference in estradiol stimula- 
tion is supported by data indicating that coloration changes 
and swelling of the sex skin, which is under estrogenic con- 
trol [1], is characteristic of postmenarchial females prior to 
ovulation and is reduced or absent in older rhesus females 
[13,29]. 

The observation that female copulatory behavior was re- 
stricted to the follicular and periovulatory period confirms 
the earlier finding that copulatory behavior of female rhesus 
monkeys housed in outdoor social environments is associ- 
ated with particular endocrine events [11]. Although the 
present analysis was restricted to an examination of female 
copulatory activity, previous work has demonstrated that in 
this environment female proceptive behavior was correlated 
with the occurrence of copulations [8]. Furthermore, the 
present data indicate that the onset of female sexual behavior 
occurs coincident with a significant rise in serum E2, 
suggesting that, above a certain threshold, E2 is stimulatory. 
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Previous work has shown that serum P concentrations are 
inversely related to female mating behavior [25] and may 
inhibit female copulatory behavior [3,4]. The model 
suggested by the present data is that mating will be exhibited 
when E2 concentrations are elevated and P levels are low 
(follicular and periovulatory period), and mating will be ab- 
sent when either E2 levels are low (early follicular or acyclic 
periods) or when P levels are high, independent of the con- 
centration of E2 (luteal period or pregnancy) [25]. 

It is relevant that the longer duration of copulatory activ- 
ity and associated endocrine pattern observed in young 
females occurs at their first ovulation. A similar pattern of 
extended periods of follicular maturation and elevated serum 
E2 prior to first ovulation has been reported previously for 
rhesus monkeys [9] and humans [26]. The observed age 
differences in follicular levels of serum E2 may reflect differ- 
ences in gonadotropin stimulation of ovarian steroidogenesis 
associated with maturation in the neuroendocrine-ovarian 
axis. It must be stressed that the ovulatory cycles examined 
in the present study were the first of the breeding season for 
females of both age groups. Thus, these ovulations may be 
preceded by several months of ovarian inactivity, charac- 
terized in adult females by amenorrhea and anovulatory cy- 
cles [11, 21, 23]. Since copulatory behavior was associated 
with the first ovulation of the season, it is obvious that 
rhesus females do not display an initial ‘‘silent ovulation’’ as 
exhibited by some other seasonal mammals [5]. Further- 
more, the ovulations exhibited by the young females were 
clearly fertile as 8/9 became pregnant. It may be that the 
occurrence of abnormal ovulatory cycles (short luteal 
phase), thought to contribute to a period of adolescent steril- 
ity in female rhesus [10], may be restricted to the months 
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following menarche (2.5 yrs) and, thus, may not be exhibited 
when females reach the typical age of sexual maturation at 
3.5 yrs. The incidence of abnormal ovulatory cycles in 
postmenarchial females living in a seasonal breeding en- 
vironment has not been examined to date. 

The longer period of copulatory activity exhibited by 
young females may not necessarily confer a reproductive 
advantage since conception rates for the two age groups 
were indistinguishable. The behavioral significance, if any, 
of the longer mating periods is not known. It could be argued 
that an extended period of receptivity might enable young 
females to acquire a more appropriate behavior pattern prior 
to ovulation [27]. Conversely, the extended period of recep- 
tivity would allow these females additional time to gain 
experience interacting with males prior to ovulation. Al- 
though no age differences in copulation rates were observed 
in the present study, additional work must determine if there 
are differences in other behavior patterns across female age 
groups. In any event, the extended period of copulatory ac- 
tivity may, thus, simply be a concomitant of the prolonged 
elevation in serum E2 concentrations. Although this ex- 
tended period of E2 secretion may be the consequence of 
developmental changes in the neuroendocrine-ovarian axis, 
this event itself may play an important physiological role in 
the final maturation of the neuroendocrine control system 
prior to first ovulation. Even though chronic E2 treatment to 
premenarchial females did not advance the age at which a 
gonadotropin surge could be induced by an E2 injection [9], a 
prolonged, endogenous rise in serum E2 may nonetheless be 
important for the spontaneous surge of gonadotropins and 
first ovulation in postmenarchial females. 
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HENKE, P. G. Septal lesions, emotionality, and restraint-induced stomach pathology in rats. PHYSIOL. BEHAV. 28(4) 
739-741, 1982.—Bilateral septal lesions in rats did not differentially affect the stomach pathology induced by physical 
restraint. This was found when the septal animals were hyperemotional or when the so-called septal syndrome had abated. 
It was concluded that the emotionality changes produced by septal lesions are apparently unrelated to the gastric pathology 


induced by immobilization. 


Septal lesion Immobilization Gastric erosions 


EXPERIMENTAL interventions in a number of telence- 
phalic limbic structures modify the gastric pathology in re- 
sponse to restraint-stress. For example, lesions in the amyg- 
dala may increase or reduce the severity of gastric pathol- 
ogy. Similarly, hippocampal and entorhinal lesions also in- 
crease the number of restraint-induced erosions in the 
stomach [7, 8, 9, 12]. 

It has been proposed that the hippocampus and the septal 
region, through their complex anatomical connections via 
the fimbria-fornix system, mediate the organism’s reaction 
to various psycho-social stress situations [11]. It has also 
been reported that large bilateral hippocampal lesions in- 
crease the restraint-induced gastric erosions and hemor- 
rhages in rats. This effect is apparently mediated through the 
vagus [12]. The purpose of the present experiments was to 
determine whether or not septal damage also modifies the 
severity of gastric pathology under restraint-stress. 

It is known that septal lesions in rats increase ‘‘emotion- 
ality’’ measures. This effect is found for a 2-3 week period, 
immediately after the brain damage has occurred (e.g., 
[2,5]). It has also been reported that cold-restraint in rats 
may, in fact, correlate with emotionality [4], but it also 
should be pointed out that others have been unable to find a 
consistent relationship between emotionality and gastric pa- 
thology (see review by Ader [1]). In the present studies, rats 
with large septal lesions were immobilized (1) after the so- 
called septal hyperemotionality had abated, and (2) while the 
rats were hyperactive. 


METHOD 
Experiment 1 


Sixteen male Wistar rats, approximately 140 days old, 
were immobilized. Brain surgery had been performed at an 
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Emotionality 


Stress 


age of 90 days. Following surgery the rats were used in a 
runway conditioning study using food rewards [10]. During 
runway training the animals were handled every day. As a 
consequence, unsystematic observations indicated that there 
was no evidence of septal hyperactivity at the time of im- 
mobilization. The fact that prolonged handling will eliminate 
the hyperemotionality seen in septal rats agrees with several 
previous reports (e.g., [5,6]). 

Bilateral septal lesions (n=8) were performed while the 
rat was anesthetized with sodium pentobarbital (50 mg/kg, 
IP). The lesions were produced by passing a 100 kHz radio- 


frequency current through the uninsulated tip of a stainless 


steel electrode for 20 sec. The lesion coordinates were: 1.5 
mm anterior to bregma, 0.5 mm lateral to the midline, and 5.5 
mm ventral from dura (skull surface horizontal). Control op- 
erations were similar, except that the electrode was no low- 
ered into the brain. 

The rats were food-deprived 24 hr prior to physical re- 
straint. They remained deprived during the 24-hr restraint- 
period. The animals were immobilized in Plexiglas restraining 
cages (Fisher Scientific Co.). In order to reduce the restraint 
volume further, a glass tube (98x11 mm) was also inserted 
on each side of the animal. During restraint, the rats were 
kept in total darkness, at room temperature. Following the 
24-hr restraining period, the rats were anesthetized and the 
stomachs were removed. The stomachs were examined mi- 
croscopically under ‘“‘blind’’ conditions. After an intracardial 
perfusion with saline and 10% Formalin the brains were re- 
moved, embedded in paraffin, and cut at 9 uw. Every fifth 
section was stained with thionin. 


Experiment 2 


Fourteen male Wistar rats (7 septals, 3 operated controls, 
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FIG. 1. Representative septal lesion. 


and 4 unoperated controls), 120 days old, were used. The 
operated animals were restrained five days after surgery. 
Surgical procedures, deprivation regimen, restraining 


methods, and histology were the same as described in Exper- 
iment 1. Twenty-four hours prior to immobilization, the rats 
were also rated on a commonly used (e.g., [13,14]) 6-point 
scale on the following behaviors: reaction to object (pencil) 


presentation, reaction to tap on the back, resistance to cap- 
ture, resistance to handling, vocalization in reaction to cap- 
ture. 


RESULTS AND DISCUSSION 


The relatively large septal lesions (Fig. 1) were fairly uni- 
form in size. Most of the area of the medial and lateral septal 
nuclei, as well as the dorsal portion of the nucleus of the 
diagonal band were destroyed by the lesions. Some 
encroachment upon the corpus callosum and the caudate- 
putamen was frequently found, as well. There was no sys- 
tematic relationship between the size of the brain lesions and 
gastric pathology. 

Table 1 summarizes the gastric pathology data for both 
experiments. There was no significant difference between 
the brain-damaged rats and their corresponding controls in 
the two studies (p>0.10; t-tests). Inspections of the 
stomachs showed that the erosions were confined to the 
glandular part of the stomach. Hemorrhaging was also fre- 
quently associated with the erosions. 


HENKE 


TABLE | 


NUMBER OF RATS WITH EROSIONS PER GROUP (N), MEAN 
FREQUENCY OF EROSIONS (E) AND STANDARD DEVIATION (SD,) 





Group N E SD, 





Experiment | 


Septal 1.13 
Control 1.25 





Experiment 2 


Septal ; 0.86 
Control : 1.00 





Table 2 indicates, in agreement with a number of other 
reports (e.g., [2,13]), that septal lesions produce higher emo- 
tionality ratings, relative to controls. The two groups in the 
second study, however, did not differ significantly in terms 
of gastric pathology (Table 1). 

The present results show that septal lesions had little ef- 
fect on restraint-erosions in the stomach. Interestingly, this 
was also found when the brain lesions had produced 


TABLE 2 
MEAN EMOTIONALITY RATINGS FOR SEPTAL AND CONTROL RATS 





Object Tap on 


Group Presentation Back 


Capture 


Handling Vocalization 





Septal 3.14* 3.29* 
Control 0.71 1.00 


3.29* 3.43* 3.00* 
0.86 1.29 0.29 





*p<0.05 (Mann-Whitney, two-tailed tests). 





SEPTAL LESIONS AND STOMACH PATHOLOGY 


‘*hyperemotionality’’ (Experiment 2). The data are in gen- 
eral agreement with a number of reports that have shown 
that there seems to be no consistent relationship between 
emotionality measures and the degree of stomach erosions in 
unoperated animals (see Ader [1] for a review). 
Furthermore, the present data also fit previous evidence 
that indicated that although hippocampal lesions increased 
the pathology induced by physical restraint [12], lesions in 
the fimbria-fornix system (which connects the hippocampus 
with septal and hypothalamic regions) produced no differen- 
tial effects on pathology. We suggested that efferent fibers 
via the entorhinal cortex to amygdalar areas may be more 
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important in the observed gastric effects of hippocampal le- 
sions [9]. 

Septal lesions in rats are also known to produce an aug- 
mented corticosterone response during immobilization. 
Also, the basal plasma levels of corticosterone are appar 
ently elevated in septal rats [3]. Within the context of these 
findings, the present evidence suggests that a lesion- 
enhanced adrenocortical reaction may have little effect on 
restraint-induced pathology in the stomach. This finding is of 
interest mainly because an uncritical identification of stress 
with the corticosterone response may not always be useful. 
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HAUSAMMANN, K. F. AND K. DIXON. An off-line data acquisition-device for measuring ethological elements of 
behaviour. PHYSIOL. BEHAV. 28(4) 743-745, 1982.—An improved version of an apparatus for registering and recording 
behavioural acts and postures (elements) or categories of elements in terms of frequency of occurrence and cumulative 
duration as observed simultaneously on two interacting animals, is described. Since all calculations and drawings of results 
are done by the computer, a considerable amount of labour can be saved. 


Ethological elements Frequencies Duration 


Data acquisition 


Microprocessor 





ETHOLOGICAL units of animal behaviour occur in the 
form of elements, i. e., movements and postures which, once 
accurately described, can be counted and timed. The regis- 
tration and recording of both the frequency of occurrence 
and the cumulative duration of elements for various be- 
havioural activities, e. g., aggression, sexual activity, etc., is 
therefore a common procedure in experimental work but one 
which amasses a large amount of data. A number of authors 
have described systems for the automatic recording of such 
data. The first one was described under the name of PAT 
(Posture, Adder, Timer), in 1965 [2] and was constructed 
with relays and counters. Although this machine saved con- 
siderable time, it did not eliminate the recording of and calcu- 
lations on the data. Somewhat later, a sophisticated method 
for recording the behavioural events on a domestic tape- 
recorder for later off-line computer processing was published 
(3]. A third paper [1] presented a similar device, which was 
even cheaper and could be used in the field. Although these 
machines are both silent and precise, they have a certain 
practical drawback: the time needed by the computer to de- 
code the information stored on the tape is as long as the 
recording time, providing the replay speed is not faster than 
the recording speed. We now describe an improved version 
of PAT designed to take many of these limiting factors into 
account. It both registers the data and transfers them onto 
punched tape after each observation, thus making them 
available for off-line computer-analysis. 


DESCRIPTION OF THE UNIT 


Our version of PAT, which incoporates a microprocessor, 
possesses two independent channels each with a 10 button 
keyboard. Use of the left keyboard allows the behavioural 


elements of one of a pair of interacting animals (in our 
example a resident or HOME animal) and the right 
keyboard, the elements of the partner (or INTRODUCED) 
animals, to be recorded. 


Hardware 


PAT consists of 2 module cards and a 4070 Facit punch. 
The first card contains the micropressor 6800, the clock, and 
a volatile (1K RAM) as well as a none-volatile memory (2K 
EPROM). The second card contains the two Peripheral- 
Interface-Adaptors (PIA) as well as enough room to take up 
the additionally required integrated-circuits to handle the 
in- and output (Fig. 1). Each keyboard has a bounce- 
elimination circuit which ensures that an activated key 
causes only one interrupt-pulse. Every time that an interrupt 
occurs the microprocessor reads all key positions and de- 
termines which one is active. Both the event-counter of that 
key and the corresponding key-status-bit in the volatile 
memory are set to 1, all other bits of the same keyboard 
being cleared. This ensures that for each keyboard, only one 
bit at a time can be set. Each operation of the same key 
increases the event-counter by 1, whilst the corresponding 
status-bit stays set at unity. This latter bit is used for the time 
measurement and can be cleared by pressing the appropriate 
STOP-key. Every 10 milliseconds a non-maskable 
interrupt-pulse occurs. If a status-bit is set at this time, then 
it indicates which time-counter has to be increased by |. The 
time is therefore accumulated in 1/100 second intervals. 

Since the contents of the counters are not visible, a 
status-indicator is necessary. The CLEAR-lamp which 
serves this function burns when all counters are cleared and 
denotes that PAT is ready for operation. As long as the 
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ABBREVIATIONS 


CK CLOCK 
iRQ INTERRUPT REQUEST 
MMV MONOSTABLE MULTIVIBRATOR 
MPN MICROPROCESSOR UNIT 
NMI NON-MASKABLE INTERRUPT 
PUNCH INSTRUCTION 
PIA PERIPHERAL INTERFACE ADAPTER 
PUNCH READY 
RSM RESET MPU 
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RESET \—__ 
FIG. 1. Principal hardware diagram of PAT showing the microprocessor with its peripheral compo- 
nents, keys, status-indicator lamps and the punch. 
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FIG. 2. Principal block diagram of PAT-firmware with three tasks. After a RESET (power-up or 
manually) PAT configures itself internally and waits for a interrupt-pulse. Each time a key is pressed, 
the IRQ (interrupt-request) -task is active, which controls internal key-image, event counters, lamp- 
indicators and the punch. For the purpose of time measurement the NMI (Non-Maskable-Interrupt) 
-task is scheduled every 10 msec. 





DATA ACQUISITION 


CAGE- INTRODUCTION 


SUBSTANCE * A STIMULANT 
DATE e 1.1.1981 
INVESTIG. * HAU/DX 





ELEMENTS 


OORGE FELATIVE TO CONTROLS 





EAT 





DA FL/RT-~ EAT TOTAL tsecta 

FIG. 3. Example of a PAT-drawn histogram showing behavioural 
changes in an introduced mouse following treatment with a stimul- 
ant. ELEMENTS/N = mean change in numbers of elements/mouse. 
SEC/N=mean change in duration (seconds) of elements/mouse. 
Bars above and below horizontal line represent increases and de- 
creases in activity compared to control. Excessive changes denoted 
by broken bars. NS, SIM, AGG, etc. denote symbols for be- 
havioural categories (i.e., particular classes of elements) of social 
and non-social behaviour. TOTAL=Mean total frequency change in 
all elements. TOTAL (Social)=Mean total change in duration of 
social elements. During observation of the animals, each element is 
assigned to its appropriate category by operating the corresponding 
key on the keyboard. 


time-counters on one or the other keyboards are in operation 
an appropriate ON-lamp lights up. By pressing the 
PUNCH-key, the ongoing measurement, which normally 
ends with the operation of both STOP-keys, is interrupted 
and the data output to the tape is started. Providing punch 
errors are absent, the counters are cleared and PAT is ready 
for new measurements. The ERROR-lamp only burns if a 
punch error is made. In this case the contents of the counters 
remain unchanged so that the data can be repunched after 
the mistake has been corrected. 


Firmware 


Figure 2. shows the main working principle of PAT. Since 
both keyboards are independent of each other, two 
interrupt-pulses can occur, PAT being capable of processing 


both simultaneously. For reasons of brevity this latter part 
and that pertaining to resumption of data processing after a 
punch mistake, are not shown in the block-diagram. 

Data is punched on tape, twice in binary form including a 
checksum-byte. An error recognition and correction proce- 
dure in the computer is therefore possible. The event- 
counters have a capacity of 16 bits. Therefore every counter 
can count to a maximum of 65534. For every time-counter, 
32 bits are available. The totalled time with a resolution of 
1/100 second is reached after 23 hours and 18 minutes. 


Software 


The assignment of behavioural elements or groups of 
elements to the keys is facultative, i. e., each key can take 
either one or several elements. However, for all types of 
experiments a basic data-input scheme is recommended. 
Figure 3. shows an example of a computer drawn histogram 
of the behavioural changes occurring in one member of a pair 
of drug-treated mice as assessed with PAT. A similar histo- 
gram can be drawn for the partner (see legend to Fig. 3 for 
details). 


DISCUSSION 


The present version of PAT enables the behaviour of 
animals to be described, registered and recorded in terms of 
element frequencies and durations, and to be depicted in 
graphic form. Since this and all calculations are done by the 
computer, the PAT affords a marked saving in labour, com- 
pletely eliminating tasks previously carried out manually. 
The use of integrated circuits instead of relays and elec- 
tromagnetic counters ensure a noiseless performance of 
PAT, thus reducing disturbing influences on man and 
animals to a minimum. 

The reason for using a paper-punch instead of a digital- 
cassette unit is that the former apparatus is cheaper. In addi- 
tion, paper itself is a cheap, durable form of data storage. 
Because PAT registers the elements in terms of frequency of 
occurrence and cumulative duration, the amount of 
punched-tape used is small and kept to manageable propor- 
tions. 

A disadvantage of PAT is that if part of the tape contains a 
punch error, this section must be removed if it cannot be 
handled by the computer. It should be noted that PAT allows 
data to be checked after, and not during, an experiment. 

Our version of PAT was not intended for analysing se- 
quences of behaviour. However, this could be realised by 
the implementation of other Firmware and by the addition of 
a suitable but more costly volatile memory. With a slight 
modification it is also possible to record the frequencies of 
shifts from one type of behaviour to another. 

Thus, the apparatus can be adapted for a large range of 
situations in which the behaviour of animals is measured. 
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WIRTSHAFTER, D. AND K. E. ASIN. Evidence that electrolytic median raphe lesions increase locomotion but not 
exploration. PHYSIOL. BEHAV. 28(5) 749-754, 1982.—Electrolytic lesions of the median raphe nucleus were found to 
increase locomotion but decrease rearing in the open field. Additionally, these lesions reduced the amount of time that rats 
spent sniffing at a novel object placed in the open field on their first encounter with it. In a test of exploratory behavior in a 
T-maze, median raphe lesions eliminated the preference for entering a novel arm displayed by sham operated animals. 
These results suggest that, although median raphe lesions increase locomotion, they may actually decrease exploration. 


Median raphe nucleus Limbic-midbrain circuit 


Hyperactivity 


Exploration Rearing Open field 





A NUMBER of authors have demonstrated that damage to 
the midbrain raphe nuclei produces a dramatic increase in 
locomotor activity in rats [2, 15, 16, 17, 20, 21, 22, 30, 33] and 
involvement of the median raphe nucleus appears to be 
primarily responsible for this effect [2, 14, 17, 29]. In other 
studies [33], we have observed that this hyperactivity results 
primarily from lesioned animals spending a larger proportion 
of their time in motion rather than from their moving at a 
greater velocity. Observation of the animals suggests that 
whereas intact rats frequently stop to sniff at or investigate 
various stimuli, lesioned subjects rarely do so. These infor- 
mal observations suggest that although rats with median 
raphe damage are hyperactive, they may actually be explor- 
ing less than controls. A similar suggestion has been offered 
with respect to animals with hippocampal damage [24]. 

In the current studies we attempted to more directly in- 
vestigate the exploratory behavior of rats with electrolytic 
median raphe lesions by examining their responses to novel 
stimuli. The first experiment examined the ability of a novel 
stimulus, presented in an environment to which rats had 
been given five minutes to habituate, to elicit investigatory 
behavior. The second and third experiments investigated the 
extent to which lesioned and sham operated animals would 
direct their locomotor behavior selectively at a novel, as com- 
pared to a familiar, location. 


EXPERIMENT | 


METHOD 


Subjects 
Animals were 15 adult male, Sprague-Dawley derived rats 





obtained from a colony maintained by the University of II- 
linois. At the time of surgery rats weighed about 300 g. 
Animals were housed in individual wire mesh cages with 
food and water available ad lib. Testing was conducted dur- 
ing the light phase of a 12:12 hour light:dark cycle. Eight rats 
received median raphe lesions and the remaining seven 
served as sham operated controls. 


Surgery 


Surgery was performed under sodium pentobarbital 
anesthesia (50 mg/kg). A stainless-steel electrode (0.23 mm 
in diameter), insulated except for 0.5 mm at the tip, was 
stereotaxically placed at coordinates of AP: —0.2, Lat: 0.0, 
H: —4.3 [25]. Electrodes were lowered in the sagittal plane 
following retraction of the superior sagittal sinus using the 
technique we have described elsewhere [31]. A | mA current 
was then passed for 8 sec between the electrode and a rectal 
cathode. In sham-operated control animals, a burr hole was 
drilled and the dura opened, but the electrode was not low- 
ered. 


Apparatus 


Activity was measured in a 152.5x91.5 cm open field en- 
closed by 47 cm high plywood walls. The floor of the field 
was divided into fifteen 30.5 x 30.5 cm squares. Lighting was 
provided by overhead fluorescent fixtures. 


Procedure 


Rats were weighed daily during the recovery period, but 
were not otherwise handled. Open field testing was con- 
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ducted on day 12 following surgery. Animals were removed 
from their home cages, gently placed in the center square of 
the open field and covered by a plastic bucket 38 cm in 
diameter which was removed fifteen seconds later. Over the 
next five minutes, the number of squares entered and the 
number of rears made were recorded. An animal was consid- 
ered to have entered a square when all four paws were 
placed within it. A rear was counted when a rat removed 
both forepaws from the floor and stretched upwards (i.e., an 
animal was not considered to have reared if he raised his 
forepaws in order to groom). In addition, the number of fecal 
boli deposited in the field was recorded. 

At the end of this 5-minute period, a hexagonal piece of 
white plastic 2.5 cm high and 5 cm ona side was placed in the 
center of a square, adjacent to one of the long edges of the 
open field equidistant from the corners of that side. The 
plastic object was placed on the side of the field farthest from 
the animals’ location at the time of placement and was 
situated 12 cm from the edge of the field. For the next two 
times that each rat entered the square containing the new 
object, the amount of time spent sniffing at or in contact with 
the object was recorded to the nearest 0.1 second using a 
Hunter timer. 

Following the completion of behavioral study, lesioned 
animals were perfused transcardially, under deep pentobar- 
bital anesthesia, with normal saline followed by 10% For- 
malin. Brains were removed at once and stored in Formalin 
for at least two weeks. Sixty-four micron frozen sections 
were then taken through the extent of the lesions. Photo- 
graphs were made of unstained sections. 


RESULTS 


The median raphe lesions produced here were very simi- 


lar to those we have described previously [2, 3, 5] and an 
example of a typical lesion is shown in Fig. 1. All lesions 
severely damaged the median raphe nucleus and in some 
cases extended out of its bounds to produce, usually minor, 
damage to the ventral tegmental nuclei of Gudden or the 
reticular tegmental nucleus of the pons. No obvious relations 
could be determined between lesion placements and behav- 
ioral results. 

Results of the open field test are shown in Table 1. It can 
be seen that, during the first five minutes of testing, animals 
with median raphe lesions entered significantly more squares 
than did controls (#(13)=5.613; p<0.01), but made signifi- 
cantly fewer rears (t(13)=3.580; p<0.01). Numbers of fecal 
boli did not differ between groups. 

Table 1 also shows the mean amounts of time spent sniff- 
ing at the novel object for lesioned and control animals dur- 
ing their first two entries to the square containing it. It can be 
seen that on their first opportunity to investigate the object, 
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FIG. 1. Photograph of an unstained section through the maximal 
extent of a typical median raphe lesion. 


sham operated rats spent significantly more time sniffing at it 
than did lesioned animals (¢(13)=3.467; p<0.01). Control 
subjects spent significantly less time sniffing at the object on 
their second than on their first encounter with it (¢(6)=2.41; 
p<0.05). A similar trend towards habituation was not seen in 
lesioned animals, but this may have been due to a floor ef- 
fect. 


DISCUSSION 


In accordance with many other reports, the above study 
demonstrates that electrolytic median raphe lesions produce 
a dramatic increase in open field activity [2, 14, 16, 33]. 
Additionally, in this experiment, rats with median raphe le- 
sions displayed significantly less rearing than did controls. 
This result is not in agreement with those of other inves- 
tigators who have reported no effect of median raphe lesions 
on rearing [20,30]. We have investigated rearing following 
median raphe damage on four other occasions in different 
groups of rats ({33] and unpublished observations). In two of 
these studies rearing was found to be reduced whereas in the 
other two no effect was found. We are as of yet uncertain as 
to the reasons for this variability. It is interesting to note that 


TABLE | 


EFFECTS OF MEDIAN RAPHE LESIONS ON OPEN FIELD ACTIVITY AND 
INVESTIGATION OF A NOVEL OBJECT 





Squares entered 


Sniffing time (sec) 


Ist encounter 2nd encounter 





Lesioned 132.2 + 20.5 
Control 42.8+ 6.4 
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hippocampal and septal lesions have also been occasionally 
reported to reduce rearing [8, 11, 17, 18, 19]. In contrast, 
several other treatments which increase locomotion, such as 
amphetamine administration [26,28] or food deprivation [26], 
have been reported to increase rearing. The finding that me- 
dian raphe lesions increase locomotion but not rearing 
suggests that raphe damage does not simply result in a 
nonspecific increase in motor behavior. 

The most important result of this study is that lesioned 
subjects spend less time than controls sniffing at a novel 
object placed in the open field on their first encounter with it. 
This finding may be related to our previous observation that 
lesioned subjects are less distracted than controls by novel 
stimuli presented during the execution of a food reinforced 
runaway response [1]. 

At least two explanations of the reduced investigation 
shown by animals with median raphe lesions are possible. 
Raphe damage might directly reduce exploratory tendencies 
or perhaps reduce attention to external stimuli. It is conceiv- 
able that the reduced rearing seen in lesioned animals in the 
current study might also be a reflection of reduced explora- 
tory tendencies. Alternatively, it is possible that the reduced 
investigation might result from an inability of lesioned 
animals to suppress locomotion in order to sniff at the novel 
stimulus. It is difficult to dissociate these two possiblities 
experimentally, but at any account, the current results 
suggests that raphe damage may reduce the investigation of 
novel sitmuli whether or not this effect is secondary to 
hyperactivity. 


EXPERIMENT 2 


In this study we attempted to examine the effects of me- 
dian raphe lesions on exploration using a somewhat different 
methodology. Several workers (reviewed in [6]) have 
demonstrated that if normal rats are preexposed to an en- 
vironment, removed from it, and then replaced with some 
part of the environment changed, they will tend to direct 
their locomotor behavior towards the altered, i.e., novel, 
aspect of the environment. If median raphe lesions produce a 
reduction in exploratory tendencies, one might expect that 
they would not show as large of a preference for entering 
novel aspects of the environment as do controls. 

To examine this possiblity, we preexposed lesioned and 
control animals for ten minutes to a T-maze in which the goal 
arms were painted black and the start arm white. Subjects 
were then briefly removed from the maze and returned to it 
after the white start arm had been removed and replaced by a 
black one. Thus, the maze on this second, test, trial was 
identical to that on the preexposure trial except for the 
change in the start arm. The black start arm, on the test trial, 
would therefore constitute a novel stimulus and one would 
expect that it would elicit approach behavior in normal rats. 
If subjects with median raphe lesions display reduced ex- 
ploratory tendencies, one would expect that they would be 
less likely to enter the novel start arm on the test trial than 
would controls. 


METHOD 


Subjects 


Subjects were 16 rats similar to those described in Exper- 
iment 1. Eight randomly selected animals received median 
raphe lesions and eight were sham operated. Testing was 
conducted on day 30 following surgery. 


Apparatus 


Testing was conducted in a wooden T-maze with 10 cm 
high walls constructed so that the start arm could be re- 
moved from the goal arms. Two start arms, 59 cm long and 
10.2 cm wide, were employed at different times. One of them 
was painted flat black and the other flat white. The two goal 
arms of the maze were 51.2 cm long and 10.2 cm wide and 
were painted flat black. The entire maze was covered by 
clear Plexiglas. No doors were present. 


Procedure 


Rats were removed from their home cages and gently 
placed in the left goal arm of the maze which, at this time, 
had the white start arm in place. Rats were allowed to freely 
move about the maze for a ten minute period during which 
time the number and sequence of arm entries were recorded. 
An animal was considered to have entered an arm when all 
four paws were placed within it. (The 10.2 10.2 cm region 
formed by the junction of the start and goal arms was not 
considered to be a part of any arm). Rats were then removed 
to a holding cage for one minute during which time the white 
start arm was removed and replaced by a black one. Animals 
were then replaced in the left goal arm and allowed to move 
freely about the maze for five minutes. Arm entries were 
recorded as above. 

Following the completion of behavioral testing, histologi- 
cal verification of lesion placements was conducted as de- 
scribed in Experiment 1. 


RESULTS 

Results of this experiment are shown in Table 2. The left 
hand columns indicate the mean number of arms entered per 
minute for lesioned and sham operated animals during the 
two testing periods. It can be seen that median raphe 
lesioned animals were considerably more active than con- 
trols during both periods and that animals in both groups 
showed lower activity levels on their second than their first 
exposure to the T-maze. These conclusions are supported by 
the results of a 2x2 repeated measure analysis of variance 
(ANOVA) which indicated a significant effect of both lesion 
(F(1,14)=15.47, p<0.01) and of trials (F(1,14)=16.1; 
p<0.01). The lesion x trials interaction failed to approach 
significance (F<1). The decline in motility in the second 
period probably reflects habituation and, therefore, the fail- 
ure of the interaction to reach significance indicates that, 
although lesioned animals were more active than controls, 
both groups habituated at the same rate. 

In order to examine the sequence of arm entries, data 
were expressed as start arm entries per opportunity, i.e., the 
number of entries to the start arm divided by the number of 
entries to the other two arms. As can be seen from Table 2, 
the performance of lesioned and control rats did not differ 
during the preexposure period, subjects in both groups enter- 
ing the start arm on about one-third of their opportunities. 
During the test trial, however, sham operated subjects 
showed a significantly greater tendency to enter the novel 
black start arm than did lesioned animals (¢(14)=3.661; 
p<0.01). It is possible, since lesioned animals entered more 
arms during the second period than did controls, that they 
initially showed a strong preference for the novel arm, but 
that this preference disappeared with repeated exposures. 
To examine this possiblity, an analysis was conducted on 
start arm entries per opportunity considering only the first 
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TABLE 2 


EFFECTS OF MEDIAN RAPHE LESIONS ON T-MAZE EXPLORATION IN 
EXPERIMENT 2 WITH THE START ARM CHANGED BETWEEN TRIALS 





Arms entered per min 


Preexposure 


Test trial 


Start arm entries per opportunity 


Preexposure Test trial 





Lesioned 4.3 , 3.8 + 0.4 
Control 2.4 2 1.9 + 0.3 


0.363 + 0.042 
0.648 + 0.075 


0.320 + 0.046 
0.342 + 0.050 





TABLE 3 


EFFECTS OF MEDIAN RAPHE LESIONS ON T-MAZE EXPLORATION IN 
EXPERIMENT 3 WITH THE START ARM UNCHANGED BETWEEN TRIALS 





Arms entered per min 


Preexposure 


Test trial 


Start arm entries per opportunity 


Preexposure Test trial 





Lesioned 4.8 ; 3.1 + 0.6 
+ 0.5 


Control 2.0 


0.265 + 0.082 
0.292 + 0.104 


0.030 
0.015 


0.298 + 
0.348 





five arms entered. Under these conditions, with number of 
arm entries equated, sham operated animals still showed a 
significantly greater number of start arm entries per oppor- 
tunity than did lesioned rats. (0.575+0.045 vs 0.45+0.033; 
1(14)=2.24, p<0.05). 

Histological examination revealed that the lesions 
produced here were very similar to those seen in the first 
experiment. 


EXPERIMENT 3 


The results of Experiment 2 suggest that animals with 
electrolytic median raphe lesions show a reduced tendency 
to explore novel aspects of the environment. An alternative 
explanation of the observed results is possible, however. 
Sham operated rats may simply be more likely than lesioned 
animals to enter the start arm of an all black T-maze, regard- 
less of any prior exposure to a maze with a white stem. 
Experiment 3 attempted to examine this possiblity by rep- 
licating the previous study with the exception that a black 
start arm was employed in both the preexposure and test 
periods. Under these conditions the black start arm would 
not be more novel than the goal arms during the test trial. 


METHOD 


Subjects were ten rats similar to those described above. 
Five had received median raphe lesions and five were sham 
operated. As in the previous experiment, testing was con- 
ducted on day 30 following surgery. The procedure em- 
ployed was identical to that of Experiment 2 except that the 
maze was equipped with a black start arm on both trials. 


RESULTS 


Results of this study are shown in Table 3. As was found 
in Experiment 2, lesioned animals were significantly more 
active than controls (F(1,8)=12.52, p<0.02). Again, the 


rate of movement declined significantly between trials 
F(1,8)=13.84, p<0.01) but the lesion by trial interaction 
again failed to reach significance (p<0. 1). 

Examination of the right hand side of Table 3 shows that 
number of start arm entries made per opportunity did not 
differ between lesioned and sham operated subjects during 
either the preexposure or the test periods. Subjects in both 
groups entered the start arm on about one-third of their 
opportunities. This result demonstrates that the difference in 
start arm entries observed between lesioned and sham oper- 
ated subjects on the test trial of Experiment 2 was indeed a 
result of the novelty of the start arm in that study. Further- 
more, control animals during the test period of Experiment 3 
were significantly less likely to enter the start arm than were 
the control subjects of Experiment 2 who had been preex- 
posed to a maze with a white stem (¢(11)=3.086; p<0.01). A 
similar difference was not present in lesioned rats. 

Histological examiniation showed that the lesions 
produced here were very similar to those described above, 
and no consistent differences could be observed between the 
size or placement of lesions in any of the three studies that 
have been reported. 


DISCUSSION 


Experiments 2 and 3 demonstrate that electrolytic median 
raphe lesions produce significant hypermotility in a T-maze. 
Median raphe lesion-induced hyperactivity is a very general 
phenomenon and has been observed in a wide variety of 
situations including open fields, stabilimeter and tilt cages, 
running wheels, hole boards, straight alleys ((2, 14, 16, 17, 
20, 21, 22, 30, 33] and unpublished observations) and now 
T-mazes. 

These experiments also demonstrate that median raphe 
lesions reduce the tendency, displayed by intact rats, to 
selectively enter novel, as compared to familiar, parts of the 
environment. Thus, control subjects were more likely to 
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enter the stem of an all black T-maze when they had been 
preexposed to a maze with a white stem than when they had 
been preexposed to a maze with a black stem. A similar 
effect of preexposure was absent in lesioned subjects. Under 
the conditions of Experiment 2, in which animals had been 
preexposed to a maze with a white stem, lesioned subjects 
were significantly less likely than controls to enter the novel 
black start arm on the first trial. 

It is likely that this effect is related to the failure of 
animals with median raphe lesions to display spontaneous 
alternation [1,14], since the alternation of nonreinforced arm 
choices by normal rats probably results from their prefer- 
ence for entering the relatively more novel arm. It is interest- 
ing to note that septal and hippocampal lesions also disrupt 
spontaneous alternation [10], and Graffan [12] has found, in a 
task basically similar to that employed here, that hippocam- 
pal lesions disrupt the preference of rats for the arm of a 
T-maze which had been altered following an adaptation 
period. These similarities between the effects of hippocam- 
pal and median raphe lesions lend credence to the notion that 
the paramedian tegmentum may play an important role in the 
functioning of the limbic system. 


GENERAL DISCUSSION 


The current experiments demonstrate that although elec- 
trolytic lesions of the median raphe nucleus produce 
hyperactivity in a variety of situations, they appear, if any- 
thing, to reduce exploratory behavior. Thus, lesioned 
animals displayed a reduced tendency to enter a novel arm in 
a T-maze and initially spent less time sniffing at a novel 
object placed in the open field than did controls. The sugges- 
tion that median raphe lesions may reduce exploration is also 


supported by our finding that such lesions reduce the amount 
of time spent in a complex environment when animals are 
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offered a choice between simple and complex surroundings 
[33]. The reduced rearing observed in Experiment | might 
conceivably also be a reflection of reduced exploratory tend- 
encies. 

The possible relations between the hyperactivity and the 
apparent reduction in exploration shown by animals with 
median raphe lesions deserve comment. Three possibilities 
can be mentioned. (1) Median raphe lesions might produce 
an independent increase in activity and a decrease in explo- 
ration. (2) The reduced exploration of lesioned subjects 
might result from their hyperactivity, since an animal in con- 
tinuous rapid motion might have less chance to notice, or 
respond to, salient aspects of the stimulus environment. (3) 
It is possible that the reduced tendency of lesioned animals 
to explore their surrounds might contribute to their hyperac- 
tivity since they might not be ‘‘distracted’’ from their 
locomotion by “‘interesting’’ stimuli which normally elicit 
non-locomotor investigatory behavior. Regardless of 
whether reduced exploration is a primary effect of median 
raphe lesions or is secondary to the hyperactivity, the cur- 
rent results are in agreement with the suggestion, which we 
have offered elsewhere [5,33], that lesioned animals may at- 
tend less to environmental stimuli, unless they are highly 
salient, than do control. 

Finally, it should be noted that altough electrolytic me- 
dian raphe lesions deplete certain forebrain regions of 
serotonin [14, 17, 29, 30], they also damage non-serotonergic 
cell bodies and fibers of passage. Thus, there is no reason to 
assume that serotonin depletion underlies the effects re- 
ported here, particularly since specific serotonin depletions 
following intraraphe injections of the neurotoxin 5,7- 
dihydroxytryptamine, fail to produce open field hyperactiv- 
ity [21]. The anatomical substrate of the dramatic behavioral 
syndrome produced by electrolytic median raphe lesions re- 
mains to be identified. 
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RIEKE, G. K. The TPc, the avian substantia nigra: Pharmacology and behavior. PHYSIOL. BEHAV. 28(5) 755-763, 
1982.—The nucleus tegmenti pedunculo-pontinus, pars compacta (TPc) may be the avian analogue of the mammalian 
substantia nigra (SN). The analogy is suggested by both comparative neuroanatomical and neurohistochemical observa- 
tions. To test the proposed analogy certain drugs (agonists or antagonists of putative transmitters that modulate the 
dopaminergic and GABAergic systems in rat) were injected into the TPc of the pigeon and the behavior effects observed. 
Muscimol (a GABA agonist) injected into the caudal TPc induced contralateral rotation and postural asymmetries. Pre- 
treatment with subcutaneous injections of apomorphine hydrochloride enhanced and haloperidol suppressed the rotatory 
response, while the postural asymmetries were not altered by either drug. Muscimol injected into the rostral TPc induced 
contralateral rotation, marked ataxia, and postural asymmetries, particularly the head and neck, legs and wings. Whereas 
apomorphine (subcutaneous injection) was without effect on the rotatory response to muscimol, haloperidol suppressed the 
rotatory response. Neither drug effected the postural asymmetry. Following drug injections into either the pigeon TPc or 
the rat SN the behaviors induced in both bird and rat suggest that the TPc and SN are analogous. 


Contralateral rotation 
Pigeon 


Muscimol 
Substantia nigra 


THE nucleus tegmenti pedunculo-pontinus, pars compacta 
(TPc) may be the avian analogue of the mammalian substan- 
tia nigra based upon recent comparative neuroanatomical 
and histochemical observations [2, 4, 6, 10]. The TPc re- 
ceives a major input from the paleostriatal complex (PC), 
specifically from the paleostriatum primitivum (PP), the 
avian analogue of the globus pallidus [2, 10, 26, 27]. The TPc 
projects fibers back to the ipsilateral paleostriatum augmen- 
tatum (PA), the avian analogue of the caudatoputamen [2, 
10, 12, 13, 26]. The TPc receives afferents from the ipsilat- 
eral lobus parolfactorius, another component of the PC, and 
these afferents utilize substance P as the specific transmitter 
[25]. Many of the neurons of the TPc are the source of do- 
pamine (DA) and dopaminergic terminals to the ipsilateral 
PA [4, 6, 10]. If the TPc is the avian analogue of the mamma- 
lian substantia nigra, then intracerebral injection of GABA 
agonists or antagonists into the TPc should elicit behavioral 
responses similar to those seen in mammals, viz rotation, 
postural asymmetry, seizure activity [5, 7, 14, 16-25, 29-31]. 


METHOD 


A total of 31 pigeons (203-417 g, either sex) were used and 
can be divided into two groups: (1) those with implanted 
cannulae and (2) those without cannulae. 


Birds with Implanted Cannulae 


A cannula was implanted in the TPc in seven birds. Each 
cannula was constructed from stainless steel tubing (o.d. 
0.83 mm, i.d. 0.40 mm), 9 mm in length implanted so that the 
blunt tip of the cannula rested | mm above the TPc. Each 
cannula was fitted with a stainless steel plug (o.d. 0.39 mm) 


Movement disorders 


Nucleus tegmenti pedunculo-pontinus 


that extended | mm beyond the tip of the cannula. The can- 
nula was stereotaxically positioned into the TPc, in ether 
anesthetized birds, according to modified coordinates from 
the atlas of Karten and Hodos [11] (AP:3.7-2.7 mm, I 
mm, V:—9 mm below surface of hemisphere). Four set 
screws and the cannula were fastened to the skull with 
Cranioplast (Plastics Products, P. O. Box 12004, Roanoke, 
VA 24002). The bird was returned to its home cage where it 
remained for at least 48 hours prior to experimental manipu- 
lations. 


Drugs 


The six drugs listed in Table | were dissolved in 0.9% 
NaCl and the pH adjusted over the range of 6.8-7.4. All 
drugs were administered intracerebrally (IC), with the ex- 
ception of haloperidol and apomorphine which were ad- 
ministered subcutaneously (SC). Various drugs were used in 
combination, for example muscimol (1 pg/ul, IC) and 
apomorphine (1-5 mg/kg, SC, 5—15 minutes prior to the ad- 
ministration of muscimol) or haloperidol (1-5 mg/kg, SC 
10-30 minutes prior to the administration of muscimol). Un- 
ilateral injections of 6-OHDA (2-8 yg/ul, IC) were placed in 
the TPc (2 complete destruction, 3 partial and 3 in which the 
fasciculus prosencephali lateralis (FPL) was compromised) 
and 7-10 days later the birds were treated with apomorphine 
(1-5 mg/kg, SC). 


Drug Administration 


Animals without chronically implanted cannulae received 
only one injection into the TPc, tectum or other areas of the 
brain. The animals were anesthetized with ether and the 
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TABLE 1 


A LIST OF DRUGS USED: CONCENTRATIONS, DOSE, VOLUME INJECTED, ROUTE 
OF INJECTION AND SOURCE 





Drug Concent. Dose 


Vol 


injected Route Source 





Muscimol 1 pg/pl 


GABA 


Picrotoxin 
6-OHDA (13) 
Haloperidol 
Apomorphine 


1 pl IC Sigma Chem. Co. 
1 pl IC Sigma Chem. Co. 
1 pl IC Sigma Chem. Co. 
2 pl IC Sigma Chem. Co. 
IC Sigma Chem. Co. 
SC McNeil Labs. 
SC Eli Lilly & Co. 





compounds injected as previously described [26,27]. 
Animals with cannulae received multiple doses of various 
drugs. Each animal was restrained, its head held stable and 
the drug was administered from a 10 «| Hamilton syringe. 
The needle (o.d. 0.39 mm) of the Hamilton syringe was cut 
so that it extended 1 mm beyond the tip of the implanted 
cannula. Upon completing the injection the plug for the can- 
nula was reinserted into the cannula. Consecutive doses of 
drugs were administered once every two days (48 hrs) and on 
occasion once every twenty-four hours. 


Assessment of Drug Induced Behavior 


Each bird was placed in an observation cage (61 cm x61 
cm X76 cm) in a quiet room and its behavior noted. Records 
were kept of the number of rotations/5 minute periods of 
continuous observation up to the time when the animal 
ceased to rotate for two consecutive five minute periods. 
Attention was given to consistent postural asymmetries, 
particularly involving the head and neck (torticolis and re- 
trocolis). The position of the wings, tail and legs were noted. 
Resistance to passive movement of the head, neck or legs 
was tested as a qualitative assessment of possible changes in 
muscle tonus. The general movements of each bird were 
observed for signs of incoordination, ataxia and tremor. The 
birds were photographed over the course of each test period. 


Histological Confirmation of Injection Sites 


Birds without implanted cannula were deeply an- 
esthetized (sodium pentobarbital, 35 mg/kg IM) and in- 
fused with heparinized 0.9% NaCl and perfused through the 
heart with 10% Formalin for conventional light microscopy. 
Blocks of brain containing the injection pathways were em- 
bedded in paraffin, cut at 10 u~m and the serial sections 
mounted and stained with luxol fast blue and cresyl violet or 
cresyl violet alone. The injection site was identified by fol- 
lowing the penetration pathway to its deepest point through 
the series of sections containing the penetration tract. 

Birds with cannulae were anesthetized and placed in a 
stereotaxic frame. An insulated stainless steel electrode held 
in a Kopf electrode carriage was positioned in the lumen of 
the cannula so that the tip of the electrode extended 1 mm 
beyond the tip of the cannula. Ten microamperes of DC 
anodal current were passed through the electrode for five 
seconds. The bird was infused with saline, perfused through 
the heart with a mixture of 10% Formalin and 3% potassium 
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ferrocyanide and repositioned into the stereotaxic frame for 
removal of the implanted cannula. The brains were proc- 
essed for histological confirmation of the injection site 
(Prussian Blue spot at the electrode tip). 


RESULTS 


Unilateral injections of muscimol (1 yl, 1 ug/l, IC) into 
the TPc produced postural asymmetry, resistance to passive 
movement of the head and neck, ataxia, tremor and con- 
tralateral rotation. The response of the bird to muscimol 
alone or muscimol in combination with apomorphine or hal- 
operidol differed after injections into the rostral or caudal 
TPc (Table 2). The rotatory response was specific to the TPc 
since muscimol injected into the tectum did not produce 
postural changes or rotation. 
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FIG. 1. Part A is a plot of the drug induced cumulative turns from a 
representative animal following an intracerebral injection of mus- 
cimol (O M, 1 yg/yl) alone into the caudal TPc or after pretreatment 
with apomorphine hydrochloride (@ AM, 5 mg/kg SC) or haloperidol (A 
HM, 5 mg/kg SC). Part B is a line drawing of a section through the 
caudal TPc. The location of the cannula tip is marked by the small 
black dots. 


Injections into Caudal TPc 


Muscimol. Birds injected with muscimol (1 pl, 1 ug/pl, 
IC) in the caudal TPc (A: 3.25-2.75 mm, [9]) rotated 
smoothly to the side opposite the injection (Figs. 1 and 2). 
Pretreatment with apomorphine (1-5 mg/kg, SC) 10 minutes 
before the intra-TPc injection of muscimol increased the 
total number of turns by 50-120% (Fig. 1, plot AM, Table 2). 
Haloperidol (1-5 mg/kg, SC) administered 15-20 minutes 
prior to the muscimol reduced the total rotations to 5%-20% 
(M=1.4+0.48 turns/min) the number of turns induced by 
muscimol alone (Fig. 1, plot HM; Table 2). The birds were 
not ataxic and torticolis or retrocolis were common signs of 
postural asymmetry (Fig. 3). If torticolis occurred the head 
and neck were twisted 90°-270° to the side opposite the in- 
jection. Resistance to passive movement of the head and 
neck was detected in animals with torticolis or retrocolis, 
specifically in moving away from the torticolis or extending 
the neck with retrocolis. The postural asymmetries seen 
after intra-TPc injection of muscimol were not effected by 
pretreatment with haloperidol or apomorphine. 

GABA, Picrotoxin. Birds given GABA (100 uwg/ul or 250 
pg/ul, IC) in the caudal TPc rotated ipsilateral to the side of 
injection. The total number of turns was low (M=0.76 turns, 
min) and the period of rotation extended from 60-80 min- 
utes. Torticolis (0-90°) was present ipsilateral to the injection 
site and a rachet-like resistance to passive movement of the 
head and neck was detected after either 100 wg or 250 yg 
GABA. The passive resistance was encountered when the 
head was moved away from the side of torticolis. A tremor 
(<10 Hz) involving the wings and tail was also observed. 
Picrotoxin (1 wg/ul, 2 wl, IC) into the caudal TPc produced 
ipsilateral rotation intermixed with episodes of seizure ac- 
tivity (uncoordinated beating of the wings, vocalization, 
ataxia, tremor of the head, rolling or tumbling and running). 
The seizures started within 5 minutes after the injection and 
the bird would position itself so that its breast was on the 
floor of the test chamber. This posturing was followed by the 
seizure episodes, the total period of seizure activity lasting 
15-20 minutes. The seizure activity ended suddenly, the bird 
stood up and continued to rotate ipsilateral to the injection 
(Table 2). Ipsilateral torticolis (0-90°) and tremor of the head 
persisted for 10-15 minutes. 


Injection into Rostral TPc 


Muscimol. Birds injected with muscimol (1 pl, | pg/pl, 
IC) in the rostral TPc (A: 3.75-3.5 mm) rotated to the con- 
tralateral side (Figs. 4 and 5, Table 2). Pretreatment with 
apomorphine (1-5 mg/kg, SC) 10 minutes prior to intra-TPc 
injection of muscimol did not markedly augment the number 
of contralateral rotations nor the duration of rotation (Fig. 4, 
plot AM, Table 2). In contrast, pretreatment with haloperi- 
dol (1-5 mg/kg, SC) 15-20 minutes prior to the injection of 
muscimol significantly reduced the number of muscimol in- 
duced rotations (My=8.0+1.19 vs Myy=1.4+0.48; 
F(10,5) p<0.05) (Fig. 4, Table 2). The muscimol in- 
duced postural asymmetries were not effected by haloperidol 
or apomorphine. The asymmetries developed within 20 
minutes after the injection. The head and neck were twisted 
contralateral to the injection site and resistance to passive 
movement of the head and neck toward the injection site was 
detected. The birds became ataxic, were not able to stand up 
and rotated on their breast by flapping the wing and pushing 
with the leg on the injected side (Fig. 6). The period of 





TABLE 2 


A SUMMARY TABLE OF DRUG INDUCED ROTATORY RESPONSES FOLLOWING UNILATERAL 
INTRACEREBRAL INJECTION OF MUSCIMOL, GABA, PICROTOXIN OR 6-OHDA, IN COMBINATION WITH 
APOMORPHINE OR HALOPERIDOL (SC) 





Mean freq 


Condition* Drug Dose? Deliv Direct Dur (min) (+SEM) 





no cannula Musc contr 75— 96 + 0.78 
in TPc 
78 96 1.692 


Musc contr 


Apom 
Musc 


Apom 


cannula in Musc contr 60-145 
TPc 
80-120 


Musc contr 


Halo 
Musc 


Apom 
Musc 


contr 
contr 


Apom 


GABA contr 


ipsi 
GABA 100-250 : ipsi 
PICRO ipsi 


PICRO ipsi 


NaCl no 0.0 
0.9% rotation 


controls 


7-10 days spont and 
irregular 
(2-3 turns 


episode) 


6-OHDA 
lesion of 
TPc. 7-10 
days, compl 
destruction 


6-OHDA ipsi 


ipsi 50— 65 10/min 


contra 7 days spont and 
irregular 
(2-4 turns 
episode) 


5/min 


6-OHDA 
lesion of 


TPc, 7 days, 


contra 


6-OHDA ipsi spont and 


lesions in 


FPL at TPc, 


7 days 


irregular 
(2-3 turns. 
episode) 


Apom 1 mg/kg SC ipsi 55— 60 5/min 





*Rates of rotation are greater for the animals with an indwelling cannula as compared to the acute 
preparations (non-cannulated animals); however, the patterns in the drug induced rotation are similar. The 
difference might be attributed to a more effective delivery of drugs in the cannulated preparation. The 
cannula itself did not induce rotatory responses. 

+Drug doses given as pg/ul unless specifically specified. 

+F(5,4)=5.843, p<0.05, Musc vs Musc-Apo rTPc no can. 

§F(5,4)=3.09, p<0.05, Musc vs Musc-APo cTPc no can. 

§F(10,5)=12.32, p<0.05, Musc vs Musc-Halop. 

#F(10,5)=2.06, p<0.01, Musc vs Musc-Apo rTPc. 

**F(10,4)=1.174, p<0.01, Musc vs Musc-Apo cTPc. 
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FIG. 2. Two photomicrographs through the caudal TPc of the representative animal in Fig. |. Plate A is 
the normal side and B shows the location of the injection site (dotted lines). The calibration line equals 


100 ~m and the total magnification is 62x. 


postural asymmetries lasted 60-95 minutes and between 
episodes of rotation each bird moved its head in an elliptical 
pattern counterclockwise toward the side of injection (10-15 
turns/minute). 

GABA, Picrotoxin. Injection of GABA (250 yg/yl, 1 pl, 
IC) in the rostral TPc was followed by a 25-35 minute period 


of contralateral rotation (maximum 10 turns) and a 35—40 
minute period of ipsilateral rotation (maximum 30 turns). 
Torticolis (0-90°, initially contralateral, then ipsilateral) and 
resistance to passive movement of the head and neck were 
observed. In contrast to injections of GABA into the caudal 
TPc, injection of 100 uwg/ul GABA in the rostral TPc was 





FIG. 3. An animal demonstrating the pronounced torticolis typical 
of intra-TPc (caudal) injection of muscimol. Muscimol was injected 
into the caudal TPc on the left side, and the torticolis and rotatory 
response was to the right. 


without effect. Picrotoxin (1 ug/ul, 2 wl, IC) in the rostral 
TPc resulted in ipsilateral rotation (Table 2). Postural asym- 
metry was present with torticolis (ipsilateral) or retrocolis. 
The birds became ataxic 3-5 minutes after the injection, 
movements of the wings were not coordinated (alternately 
beating) and elliptical movements of the head (8-10 
turns/minute) and a tremor (>10/sec) of the tail and trunk 
were observed. 


Effects of Apomorphine, Haloperidol, 6-OHDA and Saline 


Saline (0.9% NaCl, 1 wl) injected in the TPc did not 
produce any postural asymmetry or rotatory behavior. The 
behavioral changes observed after intra-TPc injections of 


muscimol, GABA or picrotoxin are drug dependent. 
Apomorphine (1-5 mg/kg, SC) alone did not induce rotation; 
rather it produced a stereotypy. The stereotypy consisted of 
repetitious pecking (maximum pecking >100/min) with a du- 
ration of 30-40 minutes. The bird would hold one posture 
while pecking, although the posture was not fixed as the bird 
could assume a new posture and continue to peck. There was 
no resistance to passive movement of the head and neck and 
no torticolis or retrocolis. Haloperidol (1-5 mg/kg, SC) failed 
to induce rotatory behavior. The birds were sedate (no ex- 
cess movement), possibly catatonic, but they did respond to 
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FIG. 4. Part A is a plot of the drug induced cumulative turns from a 
representative animal following an intracerebral injection of mus- 
cimol (O M, | ug/l) alone into the rostral TPc or after pretreatment 
with apomorphine (@ AM, 5 mg/kg SC) or haloperidol (A HA, 5 
mg/kg SC). Part B is a line drawing of a section through the rostral 
TPc. The location of the cannula tip is marked by the small black 
dots. 
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FIG. 5. Two photomicrographs through the rostral TPc of the representative animal in Fig. 4. Plate A is the normal side and B shows the 
location of the injection site. The calibration line equals 100 um and the total magnification is 59x 


This bird 


FIG. 6. Two photographs of a bird at two different time periods after the injection of muscimol into the right rostral TPc 
demonstrates the progressive postural disturbances following muscimol injections into the rostral TPc. Notice in A (15 min after the injection) 
the pronounced torticolis, the expanded tail, displaced wings and that the bird is supporting itself on its ankles (tarso-metatarsus) After 40 min 
the bird could not stand up, the torticolis is present and the bird is supporting itself on its wings and breast. 
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physical stimuli. The animals had a good startle response, 
orientated toward a sudden noise, moved away from a 
source of stress and could even fly. Neither torticolis or 
retrocolis was detected and there was no resistance to pas- 
sive movement of the head and neck. 

Intracerebral injections of 6-OHDA (2-8 yg/yul, IC) that 
destroyed one TPc resulted in ipsilateral rotation (Table 2). 
The animals rotated spontaneously (2-3 turns/episode) and 
the episodes were irregular in occurrence over the 7-10 day 
survival period. Treatment with apomorphine (1-5 mg/kg, 
SC) induced ipsilateral rotation (mean 10/minute) for a dura- 
tion of 50-65 minutes. Partial destruction of the TPc 
produced contralateral spontaneous rotation (2-4 turns at 
irregular intervals), while apomorphine (1 mg/kg, SC) seven 
days after the lesion resulted in contralateral rotation (mean 
5/min). Lesions that compromised the fasciculus 
prosencephali lateralis (FPL) which contains the axons of 
DA neurons of the TPc to the PA [12,13] resulted in episodes 
of spontaneous rotation (2-3 turns/episode, at irregular 
intervals). Apomorphine (1 mg/kg, SC) administered seven 
days after the lesion resulted in ipsilateral rotation (mean 
5/min). 


DISCUSSION 


The behavioral data presented support the hypothesis 
that circling behavior can be elicited by injection of drugs 
into the TPc in an analogous fashion as following the injec- 
tion of the same drugs into the mammalian (rat) substantia 
nigra [2,10]. The drug-induced responses (rotation and 
postural asymmetries) in the pigeon were similar to the re- 
sponses seen in rats given the same drugs in the substantia 
nigra [14, 15, 28, 29, 30]. 

The caudal TPc is the source of many DA neurons that 
project to the ipsilateral paleostriatum augmentatum (PA), 
the avian analogue of the mammalian caudato-putamen [2, 4, 
6, 13]. The PA projects to the paleostriatum primitivum (PP, 
avian analogue of globus pallidus, [2, 10, 12]) and the latter 
structure projects to the ipsilateral TPc [2, 10, 12]. Nerve 
cells in the rat substantia nigra increase their discharge rates 
when challenged with muscimol [32] and intra-nigral injec- 
tions of muscimol induced contralateral turning in rats [14] 
and as well as in the pigeon following intra-TPc injections. 
The contralateral rotation in both birds and rats could reflect 
the removal of the inhibition of intra-nigral neurons on the 
DA neurons of the nigra or TPc [19,32]. The resulting in- 
crease in the turnover of DA in the ipsilateral caudato-puta- 
men or PA [14,16] leads to a transient rise in concentration of 
DA and the associated contralateral rotatory response [31]. 

The paleostriatal complex (PC) receives afferent fibers 
from the ipsilateral telencephalon, in particular the 
temporo-parieto-occipital area (TPO) and the lateral cortical 
area (CDL) [2,10]. Histochemical studies reveal that neurons 
of the TPO and CDL are not the source of DA input to the 
PC [2, 9, 10]. The principal source of monoamines to the PC 
is the brain stem, particularly the midbrain [2, 4, 6, 9, 10, 13). 
The TPc is the major source of DA to the ipsilateral paleo- 
striatum augmentatum (PA) [2] and complete destruction of 
the TPc by 6-OHDA or interruption of the DA pathway to 
the PA (compromise of fibers in the FPL) [2,10] should de- 
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plete the PC of DA. The ipsilateral rotation (spontaneous and 
apomorphine enhanced) observed in birds with complete 
destruction of the TPc is precisely the response predicted by 
Ungerstedt et a/. [31]. The contralateral rotation observed in 
birds with partial lesions of the TPc could be explained, as is 
the case in rats with unilateral 6-OHDA induced nigral le- 
sions, by an increase in the sensitivity of PA neurons to DA 
[8,31]. 

Turning responses associated with intracerebral injec- 
tions of various drugs in the rat and possibly bird are not 
dependent solely upon one transmitter substance and the 
associated pathways, viz the nigro-striatal dopaminergic sys- 
tem [7, 18, 23]. The behavioral patterns observed may not 
necessarily coincide with the expected behavior predicted 
from existing hypotheses. The effects of intra-TPc injections 
of GABA and muscimol seem to be a case in point. Mus- 
cimol injected into the rat SN or pigeon TPc produced con- 
tralateral rotation [15, 18, 19, 28, 29], while GABA injections 
had different effects. GABA injected into the caudal TPc 
induced ipsilateral rotation in contrast to rats in which con- 
tralateral turning follows caudal intra-nigral injections of 
GABA [15,20]. The rotatory response (contralateral turning) 
induced by GABA injected into the rostral TPc resembles the 
response in rats to GABA injections in the pars reticulata of 
the substantia nigra [15, 28, 29]. The short duration of GABA 
induced rotation as compared to muscimol induced rotation 
might be attributed to a rapid uptake of GABA [3] or perhaps 
to two distinct receptor sites [15,32]. The GABA induced 
contralateral rotation noted initially after injections into the 
rostral TPc contrasts with the ipsilateral rotation seen after 
GABA injections into the caudal TPc and suggests that at 
least two distinct mechanisms may be involved in the bird’s 
rotatory response [18]. The rostral TPc could represent in 
part the avian analogue of the pars reticulata [2], as GABA in 
the rostral TPc induced an initial contralateral turning and 
muscimol induced contralateral turning that was not en- 
hanced by apomorphine, while picrotoxin induced ipsilateral 
rotation, all responses similar to those observed in rats with 
injections in the pars reticulata [15, 18, 20, 24, 28, 29]. 

Interpretation of the effects of drugs injected into rat 
substantia nigra is complicated by the fact that the SNc and 
SNr are in close proximity. The TPc is a large nucleus and 
drugs can be injected discretely into the rostral or caudal 
parts and, therefore, provide a favorable model to test phar- 
macological agents. It is important here to stress that the 
postural asymmetries and turning responses were specific to 
the TPc and to the particular drugs injected as evidenced by 
the observations that postural disturbances and rotation did 
not follow 0.9% NaCl injections or muscimol into midbrain 
areas other than the TPc. The transient nature of the rotation 
and postural asymmetries after intra-TPc injection of mus- 
cimol or other GABA agonists or antagonists further indicate 
that the behavioral responses are drug dependent and not 
due to damage to the TPc or irritation related to the im- 
planted cannula. The neurochemical mechanisms and the as- 
sociated neuronal connections of the avian basal ganglia re- 
lated to postural asymmetries and rotation resemble the 
mechanisms seen in rats. However, in both models for study 
of movement disorders many questions still need to be 
clarified. 
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DE ROTTE, A. A., M. A. H. van EGMOND AND Tj. B. Van WIMERSMA GREIDANUS. aMSH levels in cerebrospinal 
fluid and blood of rats during behavioral manipulations. PHYSIOL. BEHAV. 28(5) 765-768, 1982.—It was shown previ- 
ously that a-MSH levels in peripheral blood of rats subjected to passive avoidance training did not correlate with the 
behavioral performance of the animals. We have investigated whether a-MSH levels in cerebrospinal fluid (CSF) change 
during passive avoidance behavior. It appeared that throughout adaptation, acquisition and retention of this avoidance 
behavior, a-MSH levels in the CSF did not change significantly. In an additional experiment in which the effects of an 
electric footshock versus a psychological stimulus were tested, a-MSH levels in CSF also remained unchanged. Since CSF 
a-MSH levels appear to be relatively stable under these behavioral conditions, it seems unlikely that the CSF functions as a 
direct and specific route for the afferent transport of the behaviorally active neuropeptide a-MSH to its sites of action in the 
brain. However, the psychological stimulus, which consisted of the fear of receiving an unavoidable electric footshock, did 
induce a significant enhancement of a-MSH levels in peripheral blood, suggesting that psychological stress may be 
involved in the release of a-MSH into the peripheral circulation. These results support the idea of a differentiated system of 


secretion of a-MSH into CSF and peripheral blood. 


a-MSH CSF Behavior Stress 


IT has been demonstrated that a-Melanocyte Stimulating 
Hormone (a@-MSH) plays an important role in optimal brain 
functioning. When a-MSH was injected subcutaneously or 
intracerebroventricularly into intact rats, it inhibited the ex- 
tinction of a conditioned avoidance response [7, 8, 21]. In 
addition a-MSH was able to restore the impaired behavior 
resulting from removal of the pituitary gland (see [21]). Fur- 
thermore, disturbance of conditioned avoidance behaviour 
could be provoked by reduction of bio-available a-MSH in 
the brain by means of injecting rabbit anti-a-MSH serum 
into the ventricular system of the rat [22,24]. Yet attempts to 
detect elevated a-MSH levels in the peripheral blood of 
animals during extinction of conditioned avoidance behavior 
have not led to the expected results. a-MSH concentrations 
in plasma of these animals were not significantly different 
from controls [23, 24, 27], although in a pole-jump avoid- 
ance paradigm the post-sessional concentrations of a-MSH 
tended to be higher than the concentrations found before the 
behavioral sessions [24]. For another pituitary peptide which 
is involved in conditioned avoidance behavior, the anterior 
lobe peptide corticotrophin (ACTH), it seems to be different. 
ACTH levels in peripheral blood do correlate with the con- 
ditioned avoidance response of the animal [20,21]. 

Since a-MSH is present not only in peripheral blood but 
also in the brain [9,25] and in cerebrospinal fluid (CSF) [5, 6 


19], it may be that the a-MSH in the central nervous system 
(CNS) rather than that in the blood is related to the behav- 
ioral performance of the rat. Since a-MSH levels in the blood 
are not necessarily correlated with the a-MSH content of the 
CSF [6], small physiological changes in concentrations of 
a-MSH in the CNS may be reflected by changes in CSF 
a-MSH levels and not by changes in a-MSH levels in the 
blood. 

In the present study we investigated whether such 
changes can be detected in a-MSH concentrations in CSF of 
rats submitted to avoidance behavior using a passive 
avoidance paradigm. Additionally we studied the effect of an 
electric footshock versus a psychological stimulus on 
a-MSH levels in blood and CSF. 


METHOD 


Animals 

Male rats of an inbred Wistar strain (T. N. O. Zeist, The 
Netherlands) weighing 150-200 grams were used. The 
animals were singly housed and handled daily for at least 
three days after recovery from the cannulation operation, 
before starting the behavioral experiment. The animals had 
ad lib access to food and water. 
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Removal of CSF 


A cannulation technique described by Bouman et al. [3] 
was used with slight modifications (5). A permanent cannula 
placed into the rats cisterna magna enabled CSF withdrawal 
from freely moving unanaesthetized rats. The CSF outflow 
opening of the cannula was connected to polyethylene tubing 
for CSF sampling. Amounts of 50-150 ul CSF could be with- 
drawn with at least two hour intervals between sampling, 
without disturbing the animal or influencing basal a-MSH 
levels in the CSF [5]. The CSF samples were stored in plastic 
tubes at —20°C until assayed. 


Plasma Samples 


Systemic blood was collected after decapitation of the 
animals in chilled, heparinized polystyrene tubes and cen- 
trifuged at 4°C. The plasma was then separated and stored at 
—20°C until assayed. 

Passive Avoidance Behavior 


The passive avoidance procedure described by Ader et al. 
[1] was used with a slight modification, in that animals were 
not placed in the dark compartment before adaptation ses- 
sions. The apparatus consisted of a dark box equipped with a 
grid floor, to which an elevated illuminated platform was 
attached. On day 1 rats were placed on the platform and their 
initial latency to enter the dark compartment was recorded. 
Three such adaptation trials were performed on day 2, im- 
mediately after the third trial the animals received an electric 
footshock (EFS) of 0.25 mA or 0.75 mA or no shock at all 
(acquisition trial). Rats were then returned to their home 
cages. Retention of the passive avoidance response was 
tested 24 hours after the single EFS learning trial for a maxi- 
mal observation time of 180 sec. CSF samples were collected 
at 1, 5 and 10 min after onset of the first adaptation trial, 
during which time the animals were left in the dark com- 
partment. Samples were also collected 2 min after the acqui- 
sition trial and 3 min after the onset of the retention session. 


EFS Versus Psychological Stimulation 


Animals were placed in a perspex cage equiped with a grid 
floor and were allowed to adapt for 1 min. Then a visual 
stimulus, consisting of the light emitted by a 40 Watt bulb 
placed on top of the box, was presented together with an 
EFS of 0.5 mA which lasted for 5 sec. Then rats were re- 
turned to their home cages for 2 hours. Subsequently the 
animals were replaced into the perspex box while only the 
visual stimulus was presented. Blood samples and CSF 
samples were collected immediately after the adaptation 
period, after the combined presentation of light and EFS and 
after the second stay in the perspex box during which only 
the visual stimulus was presented. 


a-MSH Measurement 


a-MSH in plasma was measured by a radioimmunoassay 
(RIA) described in detail elsewhere [5,10]. An antiserum di- 
rected towards the C-terminal part of the molecule was used. 
Cross-reactivity with related peptides such as the ACTH and 
pro-opiomelanocortin fragments ACTH (1-10), (4-10), (4-7), 
(7-10) and y-MSH is less than 0.03% at the 50% displacement 
level. Cross-reactivity with B-MSH, ACTH (1-24) and 
ACTH (1-39) is approximately 0.5% whereas the cross- 
reactivity with ACTH (1-—13)NH, is nearly 100%. This im- 
plies that the RIA system cannot differentiate between 
a-MSH and its des-acetyl analogue, which seems to be a 


deROTTE ET AL. 


T 





jst 


onset of 1°* adaptation session 


«x-MSH levels in CSF 





a A r 


basal 5 10 min 


stay in dark compartment 





FIG. 1. a-MSH levels in cerebrospinal fluid of rats at various time 
intervals during the first adaptation trial of a passive avoidance pro- 
cedure. Number of animals in parentheses. 


predominant a-MSH type peptide in the brain [15]. The 
inter-assay variation was 26% and the intra-assay variation 
3.5%. 


Calculations 


The results were analyzed with Student’s f-test and 
analysis of variance (ANOVA). Each hormone level is re- 
ported as mean+SEM for a number of animals. 


RESULTS 


Animals which were subjected to the passive avoidance 
situation for the first time and entered the dark compartment 
did not show a significant change in a-MSH level in the CSF 
during this response. Neither did a prolonged stay in this 
new environment for 5 or 10 min alter CSF a-MSH levels 
(Fig. 1), although a tendency towards an increase was seen at 
10 min. 

a-MSH concentrations were also measured during other 
phases of the passive avoidance paradigm and at different 
shock intensities. It appeared that a-MSH levels in CSF 
were relatively stable throughout the passive avoidance 
training (Table 1). Although there were no significant differ- 
ences in CSF a-MSH levels, the levels after acquisition and 
retention trials tended to be somewhat higher than basal 
levels. Different shock intensities, which strongly influenced 
the median latency scores during retention, did not signifi- 
cantly influence CSF a-MSH levels measured immediately 
after acquisition or retention trials (Table 1). 

The presentation of an EFS by itself does not result in an 
immediate alteration of a-MSH levels in either CSF or 
plasma (Table 2). However, replacing the animal in an 
environment in which it had previously experienced the av- 
ersive stimlus of an EFS, did induce an increase in plasma 
a-MSH levels. No alterations in CSF a-MSH concentra- 
tions were detected after this treatment (Table 2). 





CSF a-MSH AND BEHAVIOR 


TABLE 1 
a-MSH LEVELS IN CSF OF RATS DURING PASSIVE AVOIDANCE BEHAVIOR 





Median 
Latency 
After After during 
Acquisition retention retention 
Basal trial trial (sec) 


CSF a-MSH level (pg/ml) 


Shock 
Intensity 





no shock 61+ 9* (9) 84 + 13 (7) 116 + 33 (5) 


0.25 mA 68+ 8 (10) 
0.75 mA 64+ 11 (11) 70 


76 + 16 (14) 88 + 13 (11) 
9 (12) 73 + 


12 (10) 





(n)=Number of animals per group. 
*Mean + SEM. 


TABLE 2 


a-MSH LEVELS IN CSF AND PLASMA OF RATS WHICH RECEIVED 
AN EFS OR A PSYCHOLOGICALLY STRESSFUL STIMULUS 





a-MSH levels (pg/ml) 


Treatment Plasma CSF 





84 + 7 (11) 
70+ 4 (8) 


Adaptation tr 

EFS (0.5 mA, : (16) 
5 sec) 

Psychological 
stress 


237 (11) 67+7 (6) 





(n)=Number of animals per group. 
*Mean + SEM. 
*Significantly different from untreated group, p<0.05. 


DISCUSSION 


Although the CSF may be an essential link in the distri- 
bution of biologically active substances within the brain, the 
level of a-MSH-like immunoreactivity in this medium ap- 
pears to be rather constant under several behavioral condi- 
tions tested in the underlying experiments. Entering a new 
environment for instance, as during the first pretraining trial 
of the passive avoidance paradigm, did not alter a-MSH 
levels in CSF significantly although a new environment is 
certainly not without effect on the animal, as has been 
demonstrated by novelty induced endocrine [2, 4, 12] and 
behavioral [4,11] responses. The physical stress of an EFS 
and the psychological stress induced by replacing the animal 
in the compartment where it had previously experienced the 
aversiveness of an EFS, also did not result in a significant 
change of CSF a-MSH content. 

These observations seem to contradict somewhat the 
finding of disturbed avoidance behavior following reduction 
of the biologically available a-MSH in the CSF by intracere- 
broventricular (ICV) administration of specific antisera 
towards this peptide [22,24]. However, evidence exists that 
the antibodies may spread rapidly and penetrate into brain 
tissue by means of the extracellular space [17]. In this way it 
is likely that they neutralize the immunoreactive a-MSH at its 
sites of action [21]. Since peptidergic neurons which contain 
a-MSH-like immunoreactivity were shown to project to 


many different brain structures [10, 14, 26], it may not be 
necessary for the organism to use the CSF as an afferent 
distribution system for these hormones within the brain. 

Since the CSF does not appear to be the analogue of the 
peripheral circulation with respect to hormonal transport, 
one may speculate whether these peptides use the CSF as an 
efferent route of transport after they have been released from 
peptidergic nerve terminals at their sites of action in the 
brain. This would give moderate alterations of CSF a-MSH 
levels, difficult to distinguish from basal levels by our 
radioimmunoassay system. Nevertheless, in this respect it is 
noteworthy that all CSF a-MSH levels of rats subjected to 
the passive avoidance paradigm tended to be slightly higher 
than the basal levels that were determined before starting the 
experiments although no statistical significance was reached. 
It is of interest that O’Donohue ef a/. [15] demonstrated 
increasing a-MSH levels in the CSF of rats after electrical 
stimulation of the mesencephalic grey, a region known for its 
a-MSH-containing neurons. However, it can also be that the 
site of CSF sampling, namely the cisterna magna, or the time 
intervals between behavioral performance and withdrawal of 
the samples may not have been the most optimal ones for 
detection of changes in CSF a-MSH content in relation to 
behavior. 

In previously performed behavioral studies, the levels of 
a-MSH in the peripheral circulation seemed not to be corre- 
lated with behavioral peformances of the animals [23, 24, 
27]. In the present experiments, in which we tested a physi- 
cal versus a psychological stimulus on plasma and CSF 
a-MSH levels, we observed an enhancement of the plasma 
a-MSH levels following the psychological stimulus. It was 
evident that not the aversive experience of the EFS itself, 
but rather the expectation of the aversive stimulus was suf- 
ficient to induce a significant rise in plasma a-MSH concen- 
trations. It seems interesting now to compare results ob- 
tained by conditioned avoidance behavior on plasma a-MSH 
levels, with the results mentioned above. The possibility to 
cope with the aversive stimulus, which is offered to the 
animals in the passive avoidance paradigm, probably makes 
the situation less stressful for them. This in turn might ex- 
plain the absence of changes in plasma a-MSH levels during 
the retention of conditioned avoidance behavior | 24, 27). 
In this respect it is interesting that Bohus [2] has demon- 
strated in a somewhat similar procedure that plasma corti 
costerone levels rise more rapidly in animals which are pre- 
vented to cope with a stressful situation, than in those which 





have the possibility of avoiding the aversive stimulus. 
Moreover, Monnet e/ a!. [13] have recently reported that 
reduction of immunoreactive a-MSH in the peripheral circu- 
lation, changes the functional state of mesencephalic and 
hypothalamic dopamine neurons in the rat after psycholog- 
ical, but not after physical stress. Additionally Sandman er 
al. [15] have shown that bio-active MSH levels in rat plasma 
increase after psychological stress, although they also ob- 
served an enhancement of bio-active MSH levels after EFS. 
The discrepancy between the latter observation and our find- 
ings may be due to the rather large difference in the physical 
stress which was applied (an EFS of 4.0 mA during 15 sec 
versus an EFS of 0.5 mA during 5 sec in our experiment), or 
to the differences in assay methods. 

It may be concluded that although the precise role of 
a-MSH in the circulation remains to be determined, psycho- 
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logical stress is somehow involved in the release of a-MSH 
into the peripheral circulation. In addition, it seems that dif- 
ferent systems exist for the secretion of a-MSH into CSF 
and blood, since under the conditions used, an increase in 
plasma a-MSH levels was not accompanied by an increase in 
CSF a-MSH concentrations. This observation is in agree- 
ment with results of previously performed studies [5, 6, 19]. 
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McCORMICK, D. A., D. G. LAVOND AND R. F. THOMPSON. Concomitant classical conditioning of the rabbit 
nictitating membrane and eyelid responses: Correlations and implications. PHYSIOL. BEHAV. 28(5) 769-775, 1982.— 
Simultaneous recordings of muscle unit activity from the muscles of the left and right eyelids (M. obicularis oculi) and 
recordings of the movement of the left nictitating membrane (NM) were taken during classical conditioning in the rabbit 
using a tone CS paired with an airpuff UCS to the left cornea. The unconditioned eyelid responses were found to be 
bilateral. The conditioned eyelid responses were also bilateral in most animals. Both the conditioned and unconditioned 
eyelid responses were larger on the left side. The conditioned responses of the left and right eyelids and the left NM were 
found to increase in magnitude and decrease in latency from the onset of the CS over training trials in almost the exactly 
same manner (correlations as high as .99). Behaviorally, the three responses could occur independently, suggesting that the 
cranial nuclei which control them (left abducens/accessory abducens, left facial nucleus, right facial nucleus) are not 
strongly coupled. Thus, for the learned response, it is suggested that the three nuclei are controlled by a common central 
system. This finding has implications for the nature of the engram—the essential neuronal circuitry encoding the learned 


response. 


Nictitating membrane Classical conditioning 





EYELID or nictitating membrane (NM) conditioning is 
perhaps the most widely used paradigm for the study of basic 
properties of classical conditioning of striated muscle re- 
sponses [2, 8, 10, 30, 33, 35]. In past studies, a variety of 
conditoned stimuli (e.g., tone, light, shock) have been used 
in conjunction with a variety of unconditioned stimuli (e.g., 
corneal airpuff, periorbital shock, glabella tap) (27, 33, 35]. A 
combination of an auditory CS paired with a corneal airpuff 
UCS in the rabbit has proved extremely useful for analysis 
of the neuronal basis of associative learning, due in part to 
the facts that the rabbit is docile and that an airpuff UCS 
permits an artifact-free recording of neuronal data during the 
UCS period in training [33]. 

In past studies, the conditioned and unconditioned re- 
sponses have almost always been referred to as a single re- 
sponse in isolation, e.g., NM extension, eyelid closure, or 
change of heart rate, even though it is known that under the 
same conditoning procedures all three of these responses 
may be conditioned [7, 10, 30, 31]. It is not yet clear exactly 
what is being conditioned in these paradigms and if more 
than one response is conditioned, how independent the dif- 
ferent components of the conditioned response, e.g., NM 





Eyelid responses 


and eyelid responses, are. For example, the acquisition rates 
of the conditioned eyelid and NM responses seem to be simi- 
lar, although there are no reports of the two being measured 
simultaneously [10,30]. If a number of responses are being 
conditioned, the degree of relationship among these re- 
sponses will have important implications for the nature of the 
engram—the essential neuronal plasticity that codes the 
learned response. 

In current work in our laboratory, we have recorded 
neuronal unit activity throughout the brainstem in the well 
trained rabbit [20]. A number of neural structures respond 
in association with the conditioned response including the 
facial nucleus, third nucleus, abducens and accesory abdu- 
cens nuclei, fifth motor and sensory nuclei, and the cerebel- 
lum and its related structures. These recordings suggested 
that a number of responses were being conditioned, although 
the only response measured was that of NM extension [4, 13, 
20]. The present study was done to delineate more exactly 
the conditioned and unconditioned responses which devel- 
ope in the rabbit during classical conditioning of the NM 
response, and more specifically to determine the relationship 
in the acquisition rates of the NM and eyelid responses. 
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Stanford, CA 94305. 


Copyright © 1982 Brain Research Publications Inc.—003 1-9384/82/080769-07$03 .00/0 





METHOD 

Surgery 

Eight rabbits were used. They were anesthetized with a 
mixture of fluothane gas (2-3%) and oxygen. A headstage 
through which wires from the recording electrodes could be 
connected to the amplifiers each day was fastened to the 
animal’s head with dental acrylic onto skull screws. A small 
loop of silk thread was suiured into the left nictitating mem- 
brane (NM). All animals were allowed five days to recover 
before training commenced. 


Training Procedure 


After recovery, the animals were placed in a Plexiglas 
restrainer within a sound isolation chamber and allowed to 
adapt for two hours. A headgear containing the airpuff outlet 
nozzle, first stage FET amplifiers and a minitorque poten- 
tiometer was attached to the animal’s headstage during adap- 
tation and behavioral training. The left eyelids were held 
open by eyeclips and the movement of the NM was moni- 
tored through the use of a minitorque potentiometer attached 
by a thread to the suture in the animal’s NM. 

Throughout training the conditioned stimulus (CS) was a 
350 millisecond, | kilohertz tone at 85 dB SPL, and the un- 
conditioned stimulus was a 100 millisecond corneal airpuff to 
the left eye which measured 210 g/cm? (3 psi) pressure at the 
source and delivered via a hose with an internal diameter of 5 
mm. The outlet nozzle had an internal diameter of 3 mm and 
was placed 5 mm from the animal’s eye. Care was taken to 
insure that the UCS syncronizing pulse used in computer 
analysis was coincident with the arrival of the airpuff at the 
cornea of the animal’s eye. The interstimulus interval was 
set at 250 milliseconds. 

The animals were trained in daily sessions of 13 blocks of 
9 trials each in which the first trial of each block was a 
tone-alone test trial. The intertrial interval was pseudoran- 
dom and had a mean of 60 seconds. A conditioned response 
was defined as movement of the NM 0.5 mm or greater 
within the 250 milliseconds after the onset of the CS. Crite- 
rion performance was set at eight conditioned responses in 
any nine consecutative trials. All animals were trained one 
additional session after the session in which this criterion 
was met. 


Data Collection and Analysis 


Microelectrodes with approximately 50 1m of exposed tip 
were inserted into the muscles of the left and right eyelids 
(M. obicularis oculi) prior to each session of training. The 
multiple muscle unit (MMU) activity from these electrodes 
was amplified by battery powered solid state FET amplifiers 
and recorded on magnetic tape. The movement of the NM 
was recorded simultaneously as a potential change across 
the minitorque potentiometer. Synchronizing pulses were 
also recorded which denoted the onset of each trial as well as 
the onset of the CS and of the UCS. 

During analysis, the MMU records were band pass fil- 
tered at one kilohertz to five kilohertz at a roll off of 48 dB 
per octave to filter out slow wave activity and movement 
artifacts. This technique resulted in good quality MMU re- 
cords (see Fig. 1). The activity of the MMUs were analyzed 
by passing the filtered signal through a pulse height dis- 
criminator set at 2.5 x the noise level. The data was col- 
lected in three millisecond time bins for the entire 750 mil- 
liseconds of each trial. Each trial was broken into three 
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FIG. 1. Typical multiple muscle unit (MMU) record taken from the 
muscle of the left upper eyelid (M. obicularis oculi) of a well trained 
animal. The upper trace is the movement of the left NM with up 
being extension across the eyeball. The first vertical line represents 
the onset of the CS while the second vertical line represents the 
onset of the UCS. 


periods: the Pre-CS period (the 250 milliseconds prior to CS 
onset), the CS period (the 250 milliseconds after the onset of 
the CS), and the UCS period (the 250 milliseconds after the 
onset of the UCS). 

Since muscle units have no spontaneous firing rate other 
than that corresponding to spontaneous movements, the 
standard method for analyzing the unit activity as Z scores 
based upon spontaneous Pre-CS activity could not be 
utilized [33]. Instead we adopted a measurement of the con- 
ditioned response as the precent asymptotic response, de- 
fined by dividing the magnitude of the response of each 
tone-alone trial by the asymptotic response magnitude for 
that animal and multiplying by 100. The asymptotic response 
magnitude for the NM was estimated as the average area in 
millimeter-milliseconds under the curve described by the 
movement of the NM on the last six tone-alone trials of 
paired conditioning (see Fig. 2). For the eyelid MMU re- 
sponse, the asymptotic conditioned response was estimated 
as the average number of action potentials in the CS and 
UCS periods above baseline on the last six tone-alone trials 
of paired training. 

The latency to onset of the NM and eyelid responses 
during conditioning was measured for the average histogram 
of each block by measuring the distance from the onset of the 
CS sync pulse to the onset of the response and then convert- 
ing to milliseconds (see Fig. 4). This method gave a meas- 
urement of onset latency with an accuracy of +five mil- 
liseconds. The onset latencies of the unconditioned re- 
sponses were more accurately measured from the raw re- 
cords by displaying each response at a high gain and sweep 
speed on a storage oscilloscope. 


RESULTS 


All eight animals had simultaneous recordings of the 
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FIG. 2. Conditioning rates of the left NM and the left and right 
eyelids. Graph A. represents the conditioning rate of the left eyelids 
and left NM. The solid line represents the left NM while the dashed 
line represents the left eyelids. CR % Asymptote is found by dividing 
the response on the tone-alone trials for that block by the average 
response on the last six tone-alone trials on the last day of paired 
training and multiplying by 100. Pcrit is the day on which the animals 
reached criterion performance of eight conditioned responses on any 
nine consecutive trials. P —1 is the training day prior to Pcrit 
and P +1 is the training day after Pcrit. Graph B. represents the 
conditioning rate of the right eyelids and left NM for the six animals 
which showed bilateral conditioned responses. The solid line repre- 
sents the left NM and the dashed line represents the right eyelids. 


movement of the left nictitating membrane (NM) and MMU 
activity of the left eyelids throughout behavioral training. 
Seven of the animals also had simultaneous recordings of 
MMU activity from the right eyelids. 

Unconditioned responses were found to be bilateral in all 
seven animals. The magnitude of the unconditioned response 
was estimated as the number of action potentials rising 
above the comparator level during the UCS period for the 
first block of paired trials on the first day of paired training. 
For the left eyelids this response was found to be 80.9+31.7 
(mean+standard deviation) action potentials. The response 
in the right eyelids was found to be significantly smaller 
(6.3+3.6 action potentials 1(12)=5.8, p<0.001). The latency 
to onset of the unconditioned left eyelid response was found 
to be 7.3+0.73 milliseconds from the time of the arrival of 
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FIG. 3. Latency to onset of the behavioral responses from the onset 
of the tone in milliseconds. Graph A. represents the latencies found 
for the left eyelids and left NM of all eight animals. The solid line 
represents the latencies for the left NM while the dashed line repre- 
sents the latencies for the left eyelids. Graph B. represents the 
latencies for the right eyelids and left NM for the six animals which 
showed bilateral conditioning. The solid line represents the latencies 
of the NM while the dashed line represents the latencies of the right 


eyelids. P —1, Pcrit, and P +1 are as in Fig. 2 


the airpuff at the cornea of the eye. The latency of the left 
NM response was found to be 22.4+5.0 milliseconds. The 
latency of the right eyelid response was found to be 23.5+6.9 
milliseconds. However, many of the right eyelid responses 
also possessed a smaller, shorter latency response (latency 
10.7+3.1 milliseconds). 

Figure 2 illustrates the acquisition rate of the eyelid and 
NM responses. Both the left and right eyelids conditioned at 
a rate which closely paralleled the conditioning of the left 
NM (correlations equal .97 and .89, respectively). Thus the 
magnitude of all three conditioned responses increased dur- 
ing acquisition in very close relation to one another, with the 
highest correlation occurring between the left eyelid and the 
left NM. 

Figure 3 illustrates the latency to onset of the eyelid and 
NM responses during conditioning. The decrease in latency 
of the left and right eyelid responses occured at a rate which 
is highly correlated with that found for the NM response (.99 
and .98, respectively). On the last day of paired training (P 
+1), the onset of the left eyelid conditioned responses pre- 
ceded the onset of the left NM responses by 29.5+8.2 mil- 
liseconds, whereas the conditioned responses of the right 
eyelids were seen to precede the NM responses by an aver- 
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FIG. 4. Typical conditioned responses of the left NM and eyelids and the right eyelids occuring on the tone-alone trials of the last 
day of paired training. The upper trace in each set represents NM movement with up being extension across the eyeball. The 
middle trace is a histogram representing the response of the left eyelids while the bottom trace is a histogram representing the 
response of the right eyelids. The vertical line represents the onset of the tone. Each bar of the histograms is 3 milliseconds in 
duration. Animal 212 had no data recorded from the right eyelids, while animal 342 did, but showed very few bilateral CRs. 


age of only 1.2+12.7 milliseconds. Thus the latency to onset 
of the conditioned responses of the left and right eyelids 
were found to decrease at almost exactly the same rate as did 
the latency to onset of the left NM. Furthermore the left 
eyelids came to precede the left NM by approximately 29.5 
milliseconds. 

Figure 4 illustrates representative responses seen in the 
left and right eyelids and left NM on the tone-alone trails of 
the last day of paired training. The responses of the left 
eyelids are seen to precede the left NM and right eyelid 
responses by varying latencies. The right eyelid responses 
vary in magnitude and are smaller than the left eyelid re- 
sponses. The average asymptotic response of the left eyelid 
was 149.8+77.0 action potentials, while the average asymp- 
totic response of the right eyelid was 41.0+29.0 action po- 
tentials (27.6% of left eyelid response). These differences 
were significantly different, 7(12)=3.5, p<0.01. 


During conditioning, spontaneous blinks of the left NM 
were seen to be nearly always accompanied by spontaneous 
blinks of the left eyelids. However, numerous occasions 
were found in which movements of the left or right eyelids 
were not accompanied by corresponding movements of the 
left NM (see Fig. 5). This and the fact that one animal did not 
show conditioning of the right eyelids indicates that the three 
responses can operate independently of each other, even 
though they condition at almost exactly the same rate. In- 
deed, a full size blink of either eyelid could be elicited with- 
out movement of the contralateral eyelid by touching the 
cornea with a cotton swab. 

After behavioral training was completed, three of the 
eight animals were given an additional day of training, during 
which preliminary recordings were taken from various mus- 
cles of the face and body. The animals exhibited conditioned 
contractions of much of the superficial facial musculature, 
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FIG. 5. Part A represents spontaneous blinks of the left NM and left eyelids in the Pre-CS period. The first 
vertical line represents the onset of the tone while the second vertical line represents the onset of the airpuff. 
Part B represents a spontaneous blink of the left and right eyelids without accompanying movement of the left 
NM. The upper trace in each set represents the movement of the NM while the histogram just beneath this 
represents the response of the left eyelids. In Part B the lower histogram represents the response seen in the 
right eyelids. Each bar of the histograms is 3 milliseconds in duration. 


including the nasal musculature, which responded in a man- 
ner related to an increased respiration rate in response to the 
CS. One of the animals showed conditioned head move- 
ments (away from where the airpuff would have originated) 
involving the neck musculature. No jaw or bodily move- 
ments showed conditioned responding, although movements 
of the head (involving the neck musculature) and occasion- 
ally the body, jaw and mouth regions were seen in response 
to the UCS. Through informal observations of an additional 
ten animals we have found that an animal’s responses to the 
CS and UCS may differ widely, from one extreme of com- 
pletely unilateral eyelid and NM conditioning only, to the 
other extreme of bilateral conditioned responses involving 
much of the facial and neck musculature, with the average 
animal reacting much as the animals detailed above. Thus 
the average conditioned response trained under the condi- 
tions used in this study may be described best as a largely 
unilateral synchronous facial ‘‘flinch’’ centering about clo- 
sure of the eyelids and extension of the NM, usually with 
some bilateral components. 


DISCUSSION 


The mean latency to onset of the unconditioned left NM 
response in the present experiments is 22.4+5.0 msec. This 
value agrees well with the assumption of a relatively direct 
reflex pathway. Stimulation of the abducens nerve produces 
NM extension with an onset latency of 16.7+2.0 
milliseconds—the time required for nerve conduction, ini- 
tiation of muscle contractions that produce eyeball retraction 
and the consequent passive extension of the NM [4]. In 
agreement with this value, the onset of firing of neurons in 
the abducens nucleus precedes the onset of the NM move- 
ment by 16-18 msec [4]. Corneal stimulation produces ac- 
tivation of the fifth sensory nucleus in about 3 msecs [5,15]. 
This leaves approximately | to 3 msec for transmission from 
the fifth sensory nucleus to the acdessory abducens/abdu- 
cens nuclei, a range consistent with either a direct connection 
or a dysnaptic pathway relaying through one set of inter- 
neurons (e.g., in the reticular formation) [3]. A recent inves- 
tigation using periocular shock as the UCS has found that the 


latency of the UCR is a negative exponential function of 
stimulus current with an asymptote of 17 milliseconds [23]. 
Disterhoft et al. [9] have also reported a latency of 17.5 
milliseconds when using an airpuff measuring 5 psi at the 
source (which is considerably stronger than the 3 psi used in 
the present study). 

The mean latency to onset of the unconditioned left eyelid 
muscle unit response is 7.3+0.73 msec, consistent with a 
previous report of 7.5+0.5 msec for cat [15]. It has been 
suggested that this shortest latency pathway is direct from 
the fifth sensory nucleus to the facial nucleus and does not 
involve an interneuron, at least in the cat [15]. The right 
eyelid response typically had a much longer latency 
(23.5+6.9 msec), implying a polysynaptic pathway. How- 
ever smaller, short latency responses (10.7+3.1 msec) were 
often present suggesting a relatively direct pathway from left 
fifth sensory nucleus to right facial nucleus. The uncon- 
ditioned eyelid response is bilateral as might be expected 
given that the fifth sensory nucleus has a small contralateral 
projection [1]. This is consistent with the report by Dis- 
terhoft et a/. [9] that the unconditioned NM response is bilat- 
eral. 

The recordings from various muscles of well trained rab- 
bits in the present study have shown that the conditioned 
response is best described as a synchronous facial **flinch”’ 
centered about closure of the eyelids and extension of the 
NM, usually with some bilateral components. The muscles 
involved in the conditioned response varied considerably be- 
tween animals but in all cases included the ipsilateral eyelid 
and NM responses. The time courses of these responses 
both within trials and over the trials of training were ex- 
tremely similar. This stands in marked contrast to con- 
ditioned heart rate deceleration to periorbital or pinna shock 
in the rabbit, which has been shown to occur in as few as ten 
trials [27,31]. However, over the trials of training this con- 
ditioned heart rate deceleration decays and eventually be- 
comes accelerative with a time course that appears closely 
related to the acquisition of the somatic conditioned re- 
sponses [27]. 

The most important result of the present experiment is the 
extremely high correlations between the conditioned left NM 
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and left and right eyelid responses over the course of learn- 
ing, both in terms of amplitude and latency (see Figs. 2 and 
3). The most obvious possible explanation—that the motor 
nuclei are directly and very tightly coupled—can be ruled 
out. The two eyelids can easily be made to respond inde- 
pendently of each other (see Results). Although there is a 
possible anatomical substrate for coordinated activity of the 
left facial and accessory abducens/abducens nuclei [6, 12, 16, 
34] the left eyelid can respond independently of the left NM, 
i.e., spontaneous responses. Axons from the accessory ab- 
ducens/abducens nuclei are reported not to give off collater- 
als before they exit the brain [11,12]. Consistent with this, 
electrical stimulation of the abducens nucleus produces 
eyeball retraction and NM extension but no movement of the 
eyelid [4,28]. 

The extremely close correspondence between the con- 
ditioned left eyelid and NM responses and the right eyelid 
response has strong implications for the locus of the essential 
neuronal plasticity that codes learning in this paradigm. 
Either this plasticity develops in the motor nuclei or 
elsewhere. If it develops in the motor nuclei it must develop 
relatively independently in each, given that they are not all 
tightly coupled. Such independently developing plasticity 
could not possibly produce the virtually perfect covariance 
of the learned responses, particularly in terms of latency (see 
Fig. 3). Therefore, the plasticity must develop elsewhere. 
There are again two possibilities—either it develops in some 
part of the reflex pathways or elsewhere. 

A number of lines of evidence argue strongly against the 
plasticity developing in neurons of the reflex pathways. For 
example, morphine selectively and completely abolishes the 
conditioned response but has no effect at all on the reflex 
response to corneal airpuff [18]. Spreading depression in- 
duced in the contralateral motor cortex has a similar effect 
[21], as do lesions in several locations in the brain [8, 17, 19]. 
Furthermore, scopolamine has been found to retard the rate 
of acquisition of the conditioned response without affecting 
the amplitude of the unconditioned response [14,24]. 

There is a relatively direct pathway between the auditory 
system and at least the seventh cranial nucleus that mediates 
the startle or alpha eyelid response to a sudden or loud 
sound. This may or may not involve a part of the trigeminal 
reflex pathway. In the cat, the onset of the unconditioned alpha 
response of eyelid muscle unit activity to a click stimulus has 
a latency of approximately 20 msec [35]. The mean onset 
latency of conditioned eyelid muscle unit activity under the 
conditions of our experiment is 80 msec and the minimum 
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latency shown consistantly by any animal is 58 msec. This 
long latency of the conditioned response could not be ac- 
counted for if the essential neuronal plasticity is localized to 
the ‘‘alpha response’’ pathway, at least not in terms of the 
time courses of known synaptic processes. 

In sum, the virtually perfect correspondence between the 
learned NM and eyelid responses and their relatively long 
latencies would seem to argue strongly that the essential 
neuronal plasticity coding the learned response must involve 
brain system structures other than the motoneurons, 
reflex pathways and alpha response pathways. In particular, 
the present data strongly suggest essential involvement of a 
central system that acts synchronously on all the motor nu- 
clei involved in generation of the several components of the 
conditioned response. Higher brain structures such as the 
hippocampus and cerebral cortex have been shown to play 
important roles in NM and eyelid conditioning [2, 21, 33, 36]. 
However, animals with all brain tissue above the level of the 
midbrain or thalamus are capable of learning the standard 
delay conditioned NM and eyelid responses ({22, 25, 26, 29, 
32], D. Enser, personal communication, 1976). In recent 
work we have found that the ipsilateral cerebellum is essen- 
tial for the conditioned response. Ablation of the ipsilateral 
lateral cerebellum or electrolytic destruction of portions of 
the dentate and interpositus nuclei and surrounding fibers 
causes selective, complete and permanent abolition of the 
conditioned NM and eyelid responses but has no effect on 
the unconditioned reflex responses [19]. 

We suggest that the common central system containing 
the essential neuronal plasticity that codes the learned re- 
sponse is localized to the cerebellum and related structures. 
As learning develops, this cerebellar system comes to exert 
precisely timed excitatory influence over all the motor nuclei 
involved in the conditioned response. Our lesion studies 
suggest that the essential memory trace for the eye being 
trained develops entirely in the ipsilateral cerebellar system. 
However, there is a variable degree of coordinated plasticity 
established in the contralateral cerebellar system, which may 
mediate to some extent conditioned responding in the oppo- 
site eye [19]. 
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28(5) 777-785, 1982.—Rats were either under 


nourished from birth to 43 days and thereafter well fed (previously undernourished, PU) or well nourished throughout 
When behaviour was tested in adulthood it was found that significant differences between the groups in rate of lever 
pressing for food occurred when they were tested under a variable-interval 60-sec schedule of reinforcement, but not when 
reward was delivered according to a fixed-interval 60-sec or variable-ratio ten schedule. The results of a second experiment 
suggested that the rate difference might reduce or disappear with extended exposure to the schedule. The third experiment 


exposed rats to fixed-interval 60-sec and mixed fixed-interval 10-sec fixed-interval 110 sec schedules 


Response rate 


differences between the PU and control groups occurred only under the mixed schedule, a result interpreted as showing 
that temporal irregularity of reward delivery plays some role in the genesis of more rapid operant responding in PU rats 
When rats received a larger variable-ratio schedule, requiring 40 responses for reward, no significant rate differences 
between the groups were found over the whole experimental condition. It is suggested that schedules on which there are 
significant differences have some special characteristic, possibly sensitivity to differences in food motivation between the 


groups. 


Early life undernutrition Rats Operant conditioning 


IT has long been known that early life malnutrition can 
produce lasting behavioural sequelae in rats, even after pro- 
longed nutritional rehabilitation [12], although it is not yet 
clear how these behavioural effects can be properly de- 
scribed. Many authors attempt to explain behavioural differ- 
ences between previously undernourished (PU) animals and 
adequately nourished controls (C) in terms of differences in 
internal variables such as ‘‘learning ability’’ or ‘‘motivation”’ 
[4,6]. Measuring such internal variables has proved difficult, 
however, for a number of theoretical and methodological 
reasons [4,11]. An approach which avoids the preblems as- 
sociated with explaining behavioural differences in terms of 
psychological variables which can not be observed directly, 
is to use the standard techniques of experimental analysis of 
behaviour , for example reinforcement schedules [5], in an 
attempt to determine the conditions under which behavioural 
differences between PU and C rats do and do not occur. 
Early studies using food-rewarded operant schedules with 
lever-pressing responses tended to find that PU rats re- 
sponded significantly faster than controls, for example under 
variable-interval (VI) schedules of reward [6,12]. More re- 
cent evidence suggests, however, that more rapid respond- 


Motivation Food reward 


ing under operant conditioning schedules in PU rats may not 
always occur. For example, rate differences between groups 
of PU and C rats are not usually noted when each lever-press 
is rewarded [9,10], nor when rewards are delivered accord- 
ing to a fixed-interval (FI) schedule [9]. When reward deliv- 
ery at the end of some intervals was randomly replaced by a 
brief blackout, however, rate differences favouring the PU 
animals were observed [9]. A similar lack of response rate 
difference between PU and C rats was noted when subjects 
were required to space their responses by 5, 10, or 30 sec 
from the previous press to obtain food [10]. 

What then do reinforcement schedules that produce rate 
differences between PU and C rats have in common that 
differentiates them from schedules which do not produce 
differences? One suggestion [10] is that rate differences only 
occur if reward delivery is temporally irregular or in some 
other way unpredictable to the animal, and only if rapid re- 
sponding does not lead to an overall decrease in the rate of 
food deliveries as it does, for example, on a spaced- 
responding schedule. The experiments in the present study 
are designed to throw some light on this rather complex hy- 
pothesis by investigating some predictions that stem from it. 
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The first prediction is that certain types of changes in 
schedule should produce rate differences between PU and C 
groups, essentially by shifting animals from predictable to 
less predictable conditions of reward. In operant condition- 
ing training it is customary, after initially shaping rats to 
lever-press, to expose them to several sessions in which each 
lever-press is rewarded (continuous reinforcement or CRF) 
prior to shifting them to the schedule of experimental inter- 
est. This shift constitutes a change from a condition under 
which reward delivery is completely predictable (since it fol- 
lows every press) to a condition in which it is unpredictable, 
at least until the animal has learned the prevailing reward 
contingencies. According to the unpredictability hypothesis 
advanced above, therefore, such transitions should tend to 
produce rate differences between PU and C groups. Evi- 
dence from some previous work tends to support this con- 
tention. Neal, Wearden and Smart [9] in their study of FI 
performance, transferred subjects from CRF to FI 60-sec. 
Inspection of the data suggested that PU subjects pressed 
faster than controls during the first few FI sessions, though 
they did not do so thereafter; however, the occurrence of an 
equipment fault meant that this evidence was far from con- 
clusive. 

In the first experiment presented below, PU and C rats, 
after initial CRF training, were shifted to various conditions 
in which not every lever-press was rewarded. These were (1) 
FI 60-sec, in which a minimum fixed refractory period of 
60-sec separated opportunities to obtain food, (2) VI 60-sec, 
in which the refractory period between opportunities to ob- 
tain food was variable, but with a 60-sec mean, and (3) vari- 
able ratio (VR) 10, under which an average of ten responses 
was needed to produce a single food delivery, the number 
required to produce any particular food delivery being vari- 
able. The FI condition attempts to provide the evidence lack- 
ing in our earlier FI study [9]. The VI condition is similar to 
previous work both from our laboratory [12] and elsewhere 
[6]. These two conditions taken together provide information 
about the effects of temporal irregularity of reward delivery, 
since both produce the same overall rate of food deliveries 
(60/hour). If rate differences between the PU and C groups 
occur under one schedule but not the other, the differences 
must be attributed to the scheduling of reward deliveries. 

The VR condition is of interest for another reason. In the 
spaced responding study [10], transfer from CRF to a condi- 
tion in which responses had to be spaced by 5 sec (or more) 
from the previous response did not produce a response rate 
difference even though, presumably, the spaced responding 
contingency rendered reward delivery unpredictable. In this 
case, however, the schedule penalized rapid responding by 
loss of food. Under a VR schedule, on the other hand, rapid 
responding leads to a higher rate of food delivery than slow 
responding. It might be expected, therefore, that a VR 
schedule would magnify any tendency for PU rats to respond 
more rapidly than controls when reward delivery is unpre- 
dictable. 


EXPERIMENT 1 


METHOD 
Rats 


The animals, their treatment and rearing conditions were 
as described previously [9,10]. Briefly, rats of the hooded 
Lister strain were undernourished during the suckling period 
by feeding their mothers a restricted quantity (50% of control 
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FIG. 1. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and FI 60-sec schedules. Vertical bars represent 
standard errors. 


intake) of a good quality diet throughout lactation. Undernu- 
trition was continued from weaning till 43 days of age by 
feeding the young small quantities of the same food, suffi- 
cient to allow only slow growth. Thereafter they were fed ad 
lib. Control rats were well-fed throughout development. 
There were 12 control and 12 underfed litters. Only male rats 
were kept beyond weaning and these were subjected to be- 
havioural testing in adulthood, beginning when they were at 
least 130 days old. Prior to testing rats were reduced to 90% 
of their free-feeding weight and they were maintained at that 
weight throughout the period of testing. 


Apparatus 


The rats were trained in a Campden Instruments rodent 
test chamber (model CI 445, Campden Instruments Ltd., 186 
Campden Hill Road, London, W.8) with innner dimensions 
212524 cm. The ceiling light was illuminated all the time 
the rats were in the chamber. The rewards were single 45 mg 
food pellets (Precision food pellets, Campden Instruments 
Ltd.) composed of animal feed, bleached flour, dry milk sol- 
ids, gelatin, and calcium phosphate. 


Procedure 


Rats were given their daily training sessions during the 
red light phase of their 12 hr red light/12 hr white light cycle. 

Pretraining. All subjects were magazine-trained for two 
sessions, then shaped to lever-press under CRF. All subjects 
were responding within three days. 

(a) Fixed-interval 60-sec. Nine PU and 9 C rats were run 
under CRF for 100 responses per session for five sessions. 
They were then run under FI 60-sec for five sessions, each 
lasting 30 min. 

(b) Variable-interval 60-sec. Nine PU rats and 9 C rats 
were run under CRF for 100 responses per session for five 
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FIG. 2. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and VI 60-sec schedules. Vertical bars repre- 
sent standard errors. (*p<0.05; $p<0.01; = p<0.001). 
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sessions. They were then run under VI 60-sec for five ses- 
sions, each lasting 30 min. 

(c) Variable ratio 10. Nine PU and 9 C rats were run under 
CRF for 100 responses per session for six sessions. They 
were then shifted to VR 10 (an average of ten responses to 
produce a reward) for seven sessions each lasting 45 min. 

Different rats were run in each experiment (a, b and c 
above). Within each experiment, all rats were drawn from 
different litters. 


RESULTS 
Body Weights 


The body weights of the population of male rats from 
which all the experimental animals in Experiment 1 were 
drawn were determined at 25 days (weaning) 43, 63 and 193 
days. At all ages the body weights of the PU and C groups 
differed significantly (p<0.001, Student’s f-test). The mean 
values (+standard error) for 12 PU and 12 C litters were: 25 
days, PU=21.6+0.6, C=56.5+1.2; 43 days, PU=41.4+0.9, 
C=162.4+2.4; 63 days, PU=154.8+2.4, C=267.9+4.7; 193 
days, PU=368.4+7.4, C=499.7+9.7 g. 


Operant Conditioning 


Results from the three conditions (FI, VI and VR) were 
analyzed by separate 2-way analyses of variance [13]. The 
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FIG. 3. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and VR 10 schedules. Vertical bars represent 
standard errors. (*p<0.05). 


two factors were nutritional treatment (PU or C) and ses- 
sions, with repeated measures on sessions. A significant re- 
peated measure effect merely indicates that the response 
rates of the PU and C groups were changing in a similar 
fashion over sessions. Such effects were significant, smallest 
F(4,64)=2.83, p<0.05, in all conditions except under FI 60- 
sec, F(4,64)=1.78, and will not be referred to below. 

(a) Fixed-interval 60-sec. Mean response rates of the PU 
and C groups during the CRF and FI 60-sec phases are 
shown in Fig. 1. 

There were no significant response rate differences be- 
tween the PU and C groups either under CRF, F(1,16)=0.56, 
or FI 60-sec, F (1,16)=1.46. Neither were the nutritional 
treatment x sessions interactions significant under either 
schedule: CRF, F(4,64)=1.16; FI 60-sec, F(4,64)=0.95. 

(b) Variable-interval 60-sec. Mean response rates of the 
PU and C groups during the CRF and VI 60-sec phases are 
shown in Fig. 2 

The PU group responded significantly faster than controls 
both under CRF, F(1,16)=4.71, p<0.05, and under VI 60- 
sec, F(1,16)=18.05, p<0.001. The nutritional treatment 
sessions interaction was not significant under CRF, F(4,64) 
=0.86, but was significant under VI 60-sec, F(4,64)= 
2.59, p<0.05. Inspection of the results suggested that 
the response rates of the PU rats increased over the 5 ses- 
sions of VI while those of the controls remained about the 
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same. Individual day comparisons (using Student's f-test) 
revealed significant response rate differences between groups 
on the last two sessions of CRF and the last three of VI (Fig. 
Zz). 

(c) Variable-ratio 10. Mean response rates of the PU and 
C groups during the CRF and VR phases are shown in Fig. 3. 

No significant effect of nutritional treatment was ob- 
served under CRF, F(1,16)=0.01, nor was the nutritional 
treatment x sessions interaction significant, F(5,80)=0.37. 
Under VR 10 neither the nutritional treatment effect, 
F(1,16)=1.04, nor the nutritional treatment x sessions in- 
teraction attained significance, F(6,96)=1.71. On the fifth day 
after transfer from CRF to VR 10 (session 10) the PU rats 
responded more rapidly than controls, #(16)=2.2, p<0.05. 
However, this difference disappeared on the following two 
days. 


DISCUSSION 


It is clear from the present results that the scheduling of 
rewards in an operant experiment plays an important role in 
the determination of response rate differences between PU 
and C rats. Even when the overall rate of food deliveries per 
hour was equated (as between the FI 60-sec and VI 60-sec 
schedules) rate differences between the groups of subjects 
were significant only in the case of VI. A comparison of 
results between the FI and VI groups is, however, compli- 
cated by the fact that the PU and C rats used in Experiment 1 
showed significant response rate differences under the CRF 
preceding the VI condition, but not under the CRF that pre- 
ceded the FI schedule. A finding of a significant rate differ- 
ence between PU and C rats under CRF is very unusual, 
with most pre vious work agreeing with the results of (a) and 
(c) presented above in finding no difference under this 
schedule. The simplest interpretation is in terms of sampling 
error, with the occasional, atypical, rate difference under 
CRF being due to differences between rats, unrelated to 
early nutrition. While this may be true, it complicates in- 
terpretation of the results of the VI condition in Experiment 
| by suggesting that the PU and C rats used were somehow 
atypical. Further evidence for this was that the response 
rates under VI did not increase in the C rats above the levels 
that had obtained under CRF. To investigate further any 
possible rate differences under VI, a replicate investigation 
of the effects of transition from CRF to VI 60-sec was per- 
formed in Experiment 2. An additional question that might 
be raised about the VI schedule effects that have been found 
above and in previous work [8,12] is whether the rate differ- 
ence found under VI persists over sessions. Some previous 
data suggest that rate differences observed between PU and 
C rats may diminish with repeated testing over sessions [12]. 
Experiment 2 investigated this issue by giving both PU and C 
animals more extended exposure to VI 60-sec than they re- 
ceived in Experiment 1. 


EXPERIMENT 2 


METHOD 
Rats 


Six PU and 6 C rats, none of which were littermates, were 
drawn randomly from the same population as had provided 
the subjects for Experiment |. All rats were experimentally 
naive at the start of training, at which stage they were about 
270 days old. 
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FIG. 4. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and VI 60-sec schedules. Transfer to VI was on 
day 6. Vertical bars represent standard errors. (*p<0.05). 


Apparatus 


As in Experiment 1. 


Procedure 

After magazine training the rats received 5 sessions of 
CRF, each lasting until 100 rewards had been delivered. Fol- 
lowing this they received 11 sessions of VI 60-sec. All VI 
sessions lasted 30 min, and were run on consecutive days. 
Other procedural features not explicitly mentioned were as 
in the VI condition of Experiment 1. 


RESULTS 

Figure 4 shows mean response rates of the PU and C 
groups during the CRF and VI phases. 

Two-way analyses of variance, conducted as in Experi- 
ment 1, were performed on the data from the 5 days of the 
CRF condition and on the 11 sessions of the subsequent VI 
60-sec schedule. In addition, for comparability with the re- 
sults of the VI condition of Experiment 1, data from the first 
5 VI sessions were analysed separately. Under CRF there 
was no effect of nutritional treatment, F(1,10)=1.83, al- 
though there was a significant effect of sessions, F(4,40) 
=22.89, p<0.001, and there was also a significant in- 
teraction between nutritional treatment and_ sessions, 
F(4,40)=3.3, p<0.025. During the whole VI 60-sec condition 
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FIG. 5. Response rates of previously undernourished (PU) and con- 


trol (C) rats on FI 60-sec and mixed FI 10, FI 110-sec schedules. 
Vertical bars represent standard errors. (*p<0.05). 


there was neither a significant effect of nutritional treatment, 
F(1,10)=2.89, nor a nutritional treatment sessions in- 
teraction, F(10,100)=1.66, but the effect of sessions alone 
was significant, F(10,100)=3.04, p<0.01. However, when 
data from the first five sessions of the VI 60-sec condition 
were analyzed separately an effect of nutritional treatment 
was found, F(1,10)=5.58, p<0.05. The repeated measure 
was also significant, F(4,40)=3.95, p<0.01, but the interac- 
tion was not, F(4,40)=0.78. 


DISCUSSION 


The present results suggest that response rate differences 
between PU and C rats may occur under VI 60-sec, even 
when there has been no significant effect of nutritional treat- 
ment under the preceding CRF condition. The finding that 
significant group differences occurred during the first 5 ses- 
sions of VI, but not when the full 11 sessions of that condi- 
tion were analyzed, suggests that the effect may be transit- 
ory, and may disappear with repeated exposure to a VI 
schedule. Thus the effect of the VI schedule noted in Exper- 
iment 1 was replicated and it would appear that the hyper- 
responsiveness of PU rats on VI schedules is a reliable 
effect, occurring under VI schedules of several different 
lengths, for example VI 2-min [12], and VI 12-sec [8]. 


EXPERIMENT 3 


The results of Experiment 2, taken together with the data 
from Experiment 1, suggest that response rate differences 
between PU and C groups are much more likely to occur 
under a VI 60-sec schedule than under FI 60-sec, in spite of 
the fact that both types of schedule deliver about the same 
rate of reinforcement. However, the temporal distribution of 
reinforcers is not equal under the two schedule conditions, 
being regular under FI and extremely irregular under VI. A 
role for the temporal irregularity of reinforcer delivery in the 
genesis of rate differences between PU and C rats is 
suggested by the previous finding [9] that such differences 
occur under FI with reward omission, under which rein- 
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forcer delivery is temporally irregular, but not under FI 
alone. However, FI and VI represent two extremes of tem- 
poral irregularity of reinforcer delivery. Would differences 
between PU and C rats be produced under more minimal 
temporal irregularity; for example, if a reinforcer could only 
be delivered at two different times after the previous reinforcer 
delivery rather than either after only a single time interval 
(as under FI) or after many different intervals (as under VI)? 
Experiment 3 investigates this question by varying the tem- 
poral regularity of reinforcer delivery in a simple and orderly 
way. Initially, rats were exposed to CRF followed by FI 
60-sec. Following this, the rats received a mixed FI 10-sec FI 
110-sec schedule. Here reward was available for the first 
response either 10 sec or 110 sec after the previous reward, 
with the two different intervals presented in a random sequence 
uncorrelated with any external stimulus. Note that this con- 
dition delivers the same overall rate of food delivery as the 
FI 60-sec schedule. Following exposure to the mixed condi- 
tion subjects were once again exposed to FI 60-sec. If tem- 
poral irregularity of reinforcer delivery plays a critical role in 
producing response rate differences between PU and C rats, 
differences would be expected under the mixed condition, 
but not under the normal FI. 


METHOD 


Rats 


Ten PU and 10 C rats, none of which were littermates, 
were reared as described in Experiment 1. They were about 
130 days of age at the start of the experiment 


Proc edure 


After magazine training the rats were trained under CRI 
for 5 sessions, each consisting of 100 reward deliveries. Fol- 
lowing this, they received 18 daily sessions of FI 60-sec, with 
each session lasting 45 min. The animals were then exposed 
to 10 sessions of mixed FI 10-sec FI 110-sec, where reward 
was available for the first response either 10 or 110 sec after 
the previous reward. The actual interval in force at any par- 
ticular time was randomly determined, and was not signalled 
by any stimulus change. Daily sessions under the mixed FI 
condition lasted 30 min. After this the rats were once again 
returned to the FI 60-sec schedule for 12 daily sessions each 
lasting 30 min. All procedural features not explicitly men- 
tioned were as in Experiment 1. 


RESULTS 
Body Weights 


The body weights of the PU and C groups from which the 
test animals were drawn were determined at weaning (25 
days), 43 and 120 days. At all ages the body weights of the 
PU and C groups differed significantly (»<0.001 by Student’s 
t-test). The mean values (+standard error) for 14 PU and 15 
C litters were: 25 days, PU=24.2+0.8, C=58.0+0.8; 43 
days, PU=41.7+0.6, C=145.7+1.6; 120 days, PU=334.0 
+7.9, C=432.8+10.9 g. 


Operant Conditioning 

Figure 5 shows mean response rates of the PU and C 
groups during the last 5 sessions of the FI 60-sec phase, the 
10 sessions of the mixed FI condition, and the first 5 sessions 
of the second exposure to FI 60-sec. 

Two-way analyses of variance, conducted as in Experi- 
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FIG. 6. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and FI 60-sec schedules. Vertical bars represent 
standard errors. (*p<0.05; = p<0.01). 


ment 1, were performed separately on the last 5 days of the 
first FI condition, the whole of the mixed FI condition, and 
the first 5 days of the second FI condition. The repeated 
measure effect was significant in all three conditions: smallest 
F(4,72)=4.14, p<0.01. These effects will not be discussed 
further. 

In the latter stages of the first FI condition there was no 
significant effect of nutritional treatment, F(1,18)=3.45. 
Transfer to the mixed FI condition, on the other hand, 
produced significant response rate differences favouring the 
PU rats, F(1,18)=4.87, p<0.05, which disappeared under the 
second exposure to FI 60-sec, F(1,18)=1.14. The nutritional 
treatment sessions interaction did not reach significance in 
any of these analyses: largest F(4,72)=1.99. 

In addition, data from the CRF and first 5 sessions of FI 
60-sec were analyzed separately, as a replication of the FI 
condition of Experiment 1. The mean response rates of the 
PU and C groups during these conditions are shown in Fig. 6. 

Under CRF there was no significant effect of nutritional 
treatment, F(1,18)=0.65, although there was an effect of 
sessions, F(4,72)=4.62, p<0.01, and a significant interaction 
between nutritional treatment and sessions, F(4,72)=7.52, 
p<0.001. Over the first 5 FI sessions there was no overall 
significant effect of nutritional treatment, F(1,18)=4.15, but 
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there was an effect of sessions, F(4,72)=4.89, p<0.01, and a 
significant nutritional treatment xX sessions interaction, 
F(4,72)=3.13, p<0.025. Figure 6 shows clearly that the mean 
response rate of the PU group increases then markedly de- 
creases during the first 5 sessions of FI 60-sec, whereas the C 
rats show a much less dramatic rate increase. Individual day 
comparisons of mean rates during the first 5 FI sessions 
revealed significant differences on the second, 1(18)=3.04, 
p<0.01, and third, #(18)=2.37, p<0.05, days of exposure to 
this schedule. 


DISCUSSION 


The above results clearly indicate some role for temporal 
irregularity and/or unpredictability of reinforcer delivery in 
producing response rate differences between PU and C rats. 
When the reinforcer delivery was temporally regular (under 
FI) there was no overall effect of nutritional treatment on 
response rate, although PU rats did respond more than con- 
trols on some of the first few days of exposure to FI. 

When the same overall rate of reinforcement delivery was 
maintained but the temporal regularity of reinforcer delivery 
was disturbed under the mixed FI condition, a response rate 
difference favouring the PU animals was evident. Restoring 
the FI condition once again removed it. 

The mixed FI schedule used above presents reinforcers 
with much more temporal regularity than VI, but evidently is 
sufficient to produce a rate difference. The question of how 
temporally irregular reinforcer delivery has to be to engender 
a rate difference between the groups remains open, al- 
though the present results suggest that the irregularity need 
not be large. 

The above experiment illustrates that the response rate 
difference between PU and C rats can be controlled by vary- 
ing the temporal distribution of reward. It is not clear, how- 
ever, that irregular temporal distribution of rewards is neces- 
sary to produce a rate difference. In the present study, rate 
differences were observed during the initial sessions of FI 
after CRF in Experiment 3, but not in Experiment 1. These 
might be explained by reference to the reward regularity 
being unpredictable until the animals have mastered the pre- 
vailing FI contingency. This suggests that the effect should 
decline, or not be manifested, when data from many sessions 
is analyzed as a whole, for which there is some support in the 
results from Experiment 3. It does not, however, explain 
why rate differences in the first few sessions of FI occurred 
in Experiment 3 but not in Experiment 1. 


EXPERIMENT 4 


The demonstration in Experiment 3 of a possible role for 
temporal irregularity of reinforcer delivery in the genesis of 
rate differences between PU and C groups makes the ab- 
sence of any such differences under the VR condition of 
Experiment | surprising, since such a schedule also gener- 
ates irregular reinforcer delivery. In addition, any tendency 
towards rapid responding would tend to be encouraged under 
VR, since high rates of responding lead to high rates of rein- 
forcement. In fact, such schedules generally do generate 
higher rates of responding than interval schedules [2]. 

One possible reason for the ineffectiveness of the VR 
schedule used in the present work in producing rate differ- 
ences may have been that the response requirement was too 
small. In fact, the number of responses per reward required 
under VR 10 was rather smaller than the average number of 
repsonses per reward which occurred under VI 60-sec in the 
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FIG. 7. Response rates of previously undernourished (PU) and con- 
trol (C) rats on CRF and VR 40 schedules. Vertical bars represent 
standard errors. (*p<0.05). 


control group, and about half that achieved by the PU sub- 
jects. Another effect of a small ratio is that it may not be 
clearly different from CRF. Although nominally VR 10 re- 
quires ten times as many responses per reward as CRF, the 
actual difference may be smaller since the rats sometimes 
press the light Campden Instruments levers used in our study 
very rapidly more than once to produce a single reward. 
Experiment 4 investigated these notions by exposing PU and 
C rats to CRF followed by VR 40, a much larger ratio of 
responses per reward than occurred under the VI 60-sec in 
Experiment 1, and a ratio clearly different from CRF. 


METHOD 
Rats 


Nine PU and 9 C rats were used. These were the same 
animals as had been employed in the VR condition of Exper- 
iment 1. Ten weeks intervened between their exposure to the 
two experiments, and they had been returned to unrestricted 
feeding during this time. The rats were 270 days old at the 
beginning of the experiment. 


Procedure 


Rats were run for 5 sessions under CRF, each session 
lasting until 100 responses had been emitted. Following this, 
they received 5 days under a VR 40 schedule, each session 


lasting 45 min. 


RESULTS 


The mean response rates of the PU and C rats on the CRF 
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and VR 40 schedules are shown in Fig. 7. During the CRF 
phase there was no significant effect of nutritional treatment, 
F(1,16)=0.47, nor of repeated measure, F(4,64)=1.42, and 
nor was the interaction component significant, F(4,64)=0.15. 
Under VR there was similarly no effect of nutritional treat- 
ment over the whole VR condition, F(1,16)=2.87, although a 
comparison of response rates on the first session of exposure 
to VR revealed a significant rate difference favouring the PU 
rats, *=2.85, p<0.02. Neither the repeated measure, 
F(4,64)=1.04, nor the interaction, F(4,64)=1.31, was signifi- 
cant over the whole VR condition. 

DISCUSSION 

It is clear that the VR 40 schedule, while delivering tem- 
porally irregular rewards due to the varying response re- 
quirement, did not produce such a marked difference in re- 
sponse rates between PU and C rats as did a VI 60-sec 
schedule. Significance was reached in individual day com- 
parisons between groups on the first day but not thereafter, 
and no overall effect was obtained under VR, possibly due to 
the large within-group variability. For example, the coeffi- 
cients of variation of response rates (standard deviation+ 
mean) were calculated using data from the fifth day of expo- 
sure to the VR 40 schedule (PU=0.62, C=0.90), VI 60-sec 
from Experiment 1 (PU=0.24, C=0.37), VI 60-sec from Ex- 
periment 2 (PU=0.52, C=0.46), F1 60-sec from Experiment | 
(PU=0.31, C=0.29), and the FI 60-sec from Experiment 3 
(PU=0.47, C=0.46). Although these values do vary between 
experiments, they were largest for both the PU and the C 
groups in the VR 40 condition. 

Under VR 40 the response requirement to obtain some 
food deliveries will be very large, and responding may par- 
tially extinguish in some animals, as in the well known 
‘*ratio-strain’’ effect [5]. Other animals may by chance not 
receive very large ratios until responding has reached higher 
rates so that rewards are more frequent. The result of this 
may be that responding declines markedly in some animals 
while being maintained well in others, producing large rate 
differences between individuals and consequent difficulties 
in obtaining statistical significance, even when mean rates 
seem clearly distinguished. A VI schedule on the other hand, 
permits ‘‘recuperation”’’ of responding, since the number of 
rewards delivered is not substantially affected even if re- 
sponding falls to a low level, and the small ratio of responses 
to reinforcers may increase response rates again. One effect 
of this might be that few animals will almost completely 
cease to respond under a VI schedule, while such behaviour 
may be common under long ratio conditions. 


GENERAL DISCUSSION 


The results of the present experiments may be simply 
summarized as having shown that the occurrence of differ- 
ences in lever-pressing rate between groups of PU and C rats 
is critically dependent upon the schedule of reward em- 
ployed. If each lever-press is rewarded, differences between 
the groups hardly ever occur. A similar finding results when 
animals are run under FI schedules which provide tempor- 
ally regular reinforcer delivery. When reinforcer delivery is 
temporally irregular, as under VI and the mixed FI schedule, 
significant rate differences between groups do occur. When a 
variable number of responses are required for each reward, a 
schedule which incidentally produces temporally irregular 
reward, evidence for rate differences is patchy, possibly be- 
cause of the large within-group variance in response rate 





such schedules produce. It does seem from the above, there- 
fore, that reinforcement schedules which deliver reward at 
unpredictable times are usually sufficient to produce re- 
sponse rate differences between groups of PU and C 
animals. Whether temporal irregularity of reward delivery is 
a necessary condition for producing such differences re- 
mains to be seen. It should be noted that such schedules as 
VI and mixed FI confound two experimentally separable var- 
iables, temporal irregularity of reward delivery and unpre- 
dictability of reward delivery. These variables could be dis- 
sociated by, for example, delivering rewards according to a 
VI schedule, but signalling in advance when a reward is 
available for release by some stimulus such as a light. Such a 
signalled VI schedule would deliver rewards in a temporally 
irregular fashion, but the occurrence of rewards would be 
predictable once subjects had learned to associate the pre- 
dictive signal with food. It is not known whether such a 
schedule would produce response rate differences between 
groups of PU and C rats. 

The present results are generally consistent with previous 
reports of operant behaviour of PU and C rats, with several 
other investigators finding that VI schedules produce ele- 
vated response rates in PU rats [6, 8, 12], but that FI 
schedules do not [9]. If temporally defined schedules which 
deliver temporally irregular rewards (such as VI and mixed 
FI) produce rate differences, whereas others such as FI do 
not, to what can the differential effects of the schedules be 
attributed? Possibly the simplest explanation is in terms of 
hypothesized motivational differences between PU and C 
groups. Much research effort (see reviews in [4, 6, 11]) has 
been expended in attempts to measure motivational differ- 
ences between the groups, with the general finding that some 
measures of motivation indicate that, for a given level of 


food deprivation, PU rats are more motivated than C rats. It 


is possible that temporally irregular reward schedules 
produce rate differences between PU and C groups simply 
because such schedules are motivationally sensitive, 
whereas those which deliver temporally regular rewards, or 
which impose response requirements, are not. Evidence 
from other studies tends to support this view. Response rate 
under VI is known to be increased in rats by increasing levels 
of deprivation [6], and increases in reward magnitude [1]. 
The sensitivity of mixed FI schedules to motivational ma- 
nipulations remains unexplored, but it is possible that it is 
like VI in these respects. FI performance is generally found 
to be refractory to differences in deprivation and seems little 
affected by reward magnitude except when different reward 
magnitudes are presented within a single session [7]. 
Schedules which impose requirements that responses should 


ROBERTS, SMART AND WEARDEN 


be spaced in time [3] or that a certain number of responses is 
required for reward [5] generally seem less affected by moti- 
vational manipulations than VI and, accordingly, response 
rate differences between PU and C groups are not normally 
found under such conditions ({10] and the present study). 
Such a body of evidence is consistent with an explanation of 
response rate differences between PU and C groups in terms 
of heightened food motivation in PU rats, but the evidence is 
not conclusive and other possibilities remain. 

One of these is that PU and C rats are differentially sensi- 
tive not to the characterisitics of a particular schedule, but to 
change from one schedule to another. For example much 
previous research has shown that transferring subjects from 
a schedule delivering a high rate of reward per unit time to 
one delivering a lower rate can produce elevations of re- 
sponse rate, usually interpreted in terms of ‘‘frustration”’ 
(e.g., [14]). When PU and C rats are transferred from a 
schedule under which each lever-press is rewarded to one in 
which no reward is ever delivered, both groups show a tran- 
sient elevation of response rate on the latter schedule, al- 
though there are no between-group differences [9]. Possibly 
the effect of transferring subjects from continuous rein- 
forcement to VI induces a similar response rate elevation, 
one which this time is different in PU and C animals. Unfor- 
tunately, the hypothesis that a decrease in reward density is 
the critical variable in determining between-group differ- 
ences still has to account for the fact that transfer to VI 
produces a rate difference, while transfer to FI, delivering 
about the same rate of reinforcement, produces nothing like 
such a reliable effect. Another finding that is troublesome for 
this hypothesis is the result that transferring subjects from FI 
to mixed FI can produce a rate difference, even when the 
average rate of delivered reward remains constant. 

In conclusion, the present results, as well as others in the 
literature [9,10], show that early-life undernutrition does not 
necessarily produce animals which respond more than con- 
trols on all schedules of food reward. The schedules under 
which rate differences do occur seem to be those in which 
rewards are delivered at temporally irregular intervals, in the 
absence of any requirement for response number or spacing. 
The reason why such schedules should produce rate differ- 
ences is at present unclear, although an interpretation in 
terms of the sensitivity of the schedule to motivational 
differences between the groups seems promising. 


ACKNOWLEDGEMENTS 


This research was funded by grants to Professor John Dobbing 
from the Medical Research Council and the National Fund for Re- 
search into Crippling Diseases. 


REFERENCES 


. Bradshaw, C. M., E. Szabadi and P. Bevan. Relationship be- 
tween response rate and reinforcement frequency in variable- 
interval schedules: The effect of the concentration of sucrose 
reinforcement. J. exp. Analysis Behav. 29: 447-452, 1978. 

. Catania, A. C., J. T. Mathews, P. J. Silverman and R. Yohalem. 
Yoked variable-ratio and variable-interval responding in pi- 
geons. J. exp. Analysis Behav. 28: 155-161, 1977. 

. Conrad, D. G., M. Sidman and R. J. Herrnstein. The effect of 
deprivation upon temporally spaced responding. J. exp. 
Analysis Behav. 1: 59-65, 1958. 


4. Crnic, L. S. Effects of infantile undernutrition on adult learning 
in rats: Methodological and design problems. Psychol. Bull. 83: 
715-728, 1976. 

5. Ferster, C. B. and B. F. Skinner. Schedules of Reinforcement. 
New York: Appleton-Century-Crofts, 1957. 

6. Levitsky, D. A. Malnutrition and animal models of cognitive 
development. In: Malnutrition and Mental Functions, edited by 
G. Serban. New York: Plenum Press, 1975, pp. 75-89. 





EARLY UNDERNUTRITION AND BEHAVIOUR 


. Lowe, C. F., G. C. L. Davey and P. Harzem. Effects of rein- 
forcement magnitude on interval and ratio schedules. J. exp. 
Analysis Behav. 22: 553-560, 1974. 

. Neal, H. J., J. H. Wearden and J. L. Smart. A highly repeata- 
ble, lasting effect of early life undernutrition on operant condi- 
tioning behaviour in the rat. Exp! Brain Res. 36: R22, 1979. 

. Neal, H. J., J. H. Wearden and J. L. Smart. Reaction to omis- 
sion of reward in an operant conditioning situation in adult rats 
after undernutrition early in life. Physiol. Behav. 24: 875-880, 
1980. 

. Neal, H. J., J. L. Smart and J. H. Wearden. Temporally spaced 
responding for food in adult rats after undernutrition early in 
life. Behav. Brain Res. 1: 469-477, 1980. 


. Smart, J. L. Early life malnutrition and later learning ability: A 


critical analysis. In: Genetics, Environment and Intelligence, 
edited by A. Oliverio. Amsterdam: Elsevier/North Holland, 
1977, pp. 215-235. 


. Smart, J. L., J. Dobbing, B. P. F. Adlard, A. Lynch and J 


Sands. Vulnerability of developing brain: relative effects of 
growth restriction during the fetal and suckling periods on be- 
havior and brain composition of adult rats. J. Nutr. 103: 1327- 
1338, 1973. 


. Winer, B. J. Statistical Principles in Experimental Design. New 


York: McGraw-Hill, 1962 


. Wookey, P. K. and K. T. Strongman. Frustration and elation 


effects in operant analogues of the double runway. Br. J 
Psychol. 65: 305-313, 1974. 








Physiology & Behavior, Vol. 28, pp. 787-790. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A. 


The Effects of Subdiaphragmatic Vagotomy 
on Circadian Corticosterone Rhythmicity 
in Rats with Continuous or Restricted 
Food Access’ 


AYRTON C. MOREIRA AND DOROTHY T. KRIEGER? 


Division of Endocrinology, Mount Sinai Medical Center, New York, NY 10029 


Received 16 September 1981 


MOREIRA, A. C. AND D. T. KRIEGER. The effects of subdiaphragmatic vagotomy on circadian corticosterone 
rhythmicity in rats with continuous or restricted food access. PHYSIOL. BEHAV. 28(5) 787-790, 1982.—Plasma corticos- 
teroid circadian periodicity was determined in three groups of individual adult male rats. Categories were: post- 
subdiaphragmatic vagotomy, sham-operated, and controls. Blood was sampled every 4 hours over a 48-hour period with ad 
lib feeding and after a 13-day period on daytime (0930-1330) restriction of food and water availability. Plasma corticoste- 
rone circadian periodicity was normal under ad lib conditions in control, sham-operated, and vagotomized animals. Under 
food-restricted conditions, both the sham-operated and vagotomized animals exhibited the 12-hour shift in the circadian 
peak of plasma corticosterone levels that we have previously described in normal animals under such conditions. There 
were no differences between groups in the total amount of food and water consumed or the percentage of nocturnal food 
intake on an ad lib feeding schedule. Both vagotomized and sham-operated animals manifested reductions in food intake 
under conditions of food restriction, although vagotomized consumed less than sham-operated animals. The present data 
indicate that an intact vagus nerve is not necessary for the establishment of circadian periodicity of plasma corticosterone 
levels or the shift in the periodicity of corticosteroid secretion produced by a restricted feeding regimen. 


Vagotomy Food restriction 


Corticosterone periodicity 





RATS maintained under ad lib feeding conditions with nor- 
mal light-dark alternation manifest a circadian periodicity of 
plasma corticosterone concentrations in which peak levels 
are seen just prior to or at the onset of the dark period, which 
is also the time of onset of predominant food intake [5]. 

Daytime restriction of food and water availability with 
maintenance of normal light-dark alteration phase-shifts 
such circadian periodicity so that peak levels are seen prior 
to onset of feeding [5]. 

Lesions of the suprachiasmatic nucleus [6] and of the ven- 
tromedial nucleus (VMH) [7] are associated with disruption 
of the normal circadian periodicity of plasma corticosterone 
concentrations in rats maintained under ad lib feeding condi- 
tions with normal light-dark alternation. Daytime restriction 
of food and water availability can still synchronize a phase- 
shifted corticosterone pattern in suprachiasmatic nucleus- 
lesioned rats [6]. VMH-lesioned animals, however, remain 
arrhythmic under such conditions of food restriction [7]. 

There is evidence of vagal mediation of some aspects of 
VMH function. The vagus nerve innervates the gastrointes- 
tinal tract and has CNS pathways that connect the vagal 





nucleus with the VMH via the bundle of Schutz [9]. Vagot- 
omy has been reported to reverse the hyperinsulinemia and 
obesity seen following VMH destruction [1, 3, 12, 13] al- 
though the mechanism of this effect remains to be fully 
elucidated [1, 4, 14]. Additionally, vagotomy has been re- 
ported to be associated with ultrastructural changes in ad- 
renal zona faciculata and reticularis cells [2]. 

In view of these findings of VMH-vagal interaction and 
our finding suggesting VMH mediation of the circadian 
periodicity of plasma corticosterone levels in normal and 
daytime food-restricted animals, we sought to investigate the 
role of the vagus nerve in relation to such periodicity. In the 
present study, plasma corticosterone concentrations and 
food intake were determined in control, vagotomized, and 
sham-operated rats on ad lib or daytime restricted feeding 
schedules. 


METHOD 


Animals 


Adult male Sprague-Dawley rats (initial body weight 
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181.0+3.9 g) were individually housed. Temperature was 
kept constant at 72°F with a 12-hour photoperiod beginning 
at 0700 hours. 


Surgical Procedures 


Bilateral subdiaphragmatic vagotomies and sham opera- 
tions were performed under chloral hydrate anesthesia (380 
mg/kg body weight). A midline incision was made im- 
mediately below the xiphoid process and gentle traction was 
applied to the stomach. This increased visibility and 
minimized further manipulation of the esophagus and stom- 
ach. Vagotomies were performed with the aid of a dissecting 
microscope. One-centimeter sections of the anterior and 
posterior trunks of the vagus nerve were sutured and cut at 
the level of the hepatic vagal branch. When present, the 
coeliac branch was also removed, leaving the gastric artery 
intact. For sham operations, the stomach was retracted and 
then returned to the abdominal cavitity. 

The neutral red dye test was utilized to verify complete- 
ness of transection of vagal efferents in the operated group 
following the conclusion of each study [8]. Following 24 
hours of food deprivation, an incision was made along the 
greater curve of the stomach and the inside walls rinsed with 
saline. One ml of a one percent neutral red dye solution was 
injected into the femoral vein. Secretion of the red dye by the 
stomach indicated the presence of gastric acid and a func- 
tional vagus. All the subdiaphragmatic vagotomies were 
complete according to this test. 


Food Regimen 


Experiment 1: ad lib feeding. Rats were maintained on a 
liquid diet consisting of Carnation evaporated milk, water, 
and a vitamin mixture (ICN Nutritional Biochemicals), since 
initial studies indicated that in vagotomized animals a solid 
pellet diet caused gastric distension from impacted food and 
a resultant high fatality rate. Animals were acclimated to the 
liquid diet, with water also available ad lib, for two weeks 
prior to surgery. Control (n=4), sham-operated (n=3), and 
vagotomized (n=6) animals were maintained on the liquid 
diet for two weeks postoperatively. Food intake was then 
measured at 0700-1900 and 1900-0700 hours for two days 
under ad lib feeding conditions, after which the circadian 
periodicity of plasma corticosterone was determined. 

Experiment 2: restricted food access. In view of similarity 
of food intake in control and sham-operated animals in Ex- 
periment 1, this utilized only a group of sham-operated (n=4) 
and vagotomized (n=7) animals. After the 2-week acclima- 
tion period, food intake was measured and then access to the 
liquid diet and water was restricted, these being available 
only between 0930 and 1330 hours. After 13 days of food 
restriction, during which food intake was measured daily, 
the corticosterone periodicity was determined over a 48-hour 
period under restricted feeding conditions. It should be 
noted that the percentage reduction in intake on a liquid food 
regimen utilizing restricted feeding conditions is similar to 
that which we previously reported in food-restricted animals 
consuming a solid diet [5] (also see Results). 


Blood Sampling 


Tail vein samples [5] for corticosterone determinations 
were collected every 4 hours over a 48-hour period in 
heparinized tuberculin syringes. 
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TABLE | 


24-HOUR FOOD AND WATER INTAKE IN CONTROL (C), 
SHAM-OPERATED (S), AND VAGOTOMIZED RATS UNDER AD LIB 
FEEDING (EXPERIMENT 1) AND ON DAYTIME FEEDING 
RESTRICTION (0930-1330) (EXPERIMENT 2) 





Food Intake Water Intake 
% in % in 
ml 1900-0700 ml 1900-0700 





Experiment | 
Ad lib feeding 
Control 


Sham 


Vagotomy 


Experiment 2 
Ad lib feeding 
Sham 


Vagotomy 
Daytime food 
restriction 


Sham 


Vagotomy 





*Mean + SE. 
*p<0.05 vs ad lib feeding groups. 


Body Weights 


These were determined at weekly intervals throughout 
the experimental period. 


Corticosterone Determination 


Plasma corticosterone concentrations were determined 
by competitive protein-binding assay [10]. The intra-assay 
variation coefficient is 5.4% at 50% binding on the standard 
curve. The lower limit of sensitivity using this method is 1.9 
pg/ml. All samples obtained for each experiment were 
analyzed in the same assay to avoid interassay variability. 


Statistical Analyses 
One- or two-way analysis of variance (ANOVA) was per- 
formed [15] as appropriate and Newman-Keuls Test was 
employed for post hoc comparisons. 
RESULTS 


Food and Water Intake 


In Experiment 1, ANOVA revealed no difference be- 
tween vagotomized, control, and sham-operated rats in the 
total amount of food and water consumed or the percentage 
of nocturnal food intake on an ad lib feeding schedule (Table 
1). (As noted in the method section, these data were obtained 
over a 2-day period after 2 weeks of liquid diet.) These find- 
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FIG. |. Pattern of food intake on restricted feeding schedule (food 
available 0930-1330). Vertical bars indicate+SE. 


ings were replicated in the second study with sham and va- 
gotomized rats fed ad lib. Two-way ANOVA also revealed a 
significant effect of feeding condition, F(1,18)=27.78, 
p<0.01, and no significant interaction of group and feeding 
condition, F(1,18)=1.35, with both animal groups manifest- 
ing similar reductions in food intake when feeding was re- 
stricted. Two-way ANOVA also revealed a significant group 
effect, F(1,90)=15.0, »><0.01, with higher food intake in sham- 
operated animals when feeding was restricted. A significant 
change over days was present, F(9,90)=9.26, p<0.01, in 
contrast to the findings noted in Table | which represent a 
given time point. There was no significant interaction be- 
tween groups over days (Fig. 1). 


Body Weight 


Weight loss occurred following surgery in sham and va- 
gotomized groups in both experiments (Fig. 2A, 2B). Two- 
way ANOVA showed that in the food restriction experiment 
(Fig. 2B) there was a significant difference between groups, 
F(1,63)=6.97, p<0.05, a significant difference over days: 
F(6,63)=898, p<0.01, and a significant group x days interac- 
tion: F(6,63)=916, p<0.01. 


Plasma Corticosterone 


Two-way ANOVA indicated that plasma corticosterone 
varied significantly over time in all groups, F(12,126)=2.24, 
p<0.05). There was no significant difference between 
groups, F(2,126)=2.42, 0.10>p>0.05. A significant group x 
trials interaction was present, F(24,126)=1.74, p<0.05. 
Analysis of simple effects indicated a significantly different 
variation over time in the control group as compared to the 
other two groups. 

There was no significant difference in mean plasma cortico- 
sterone concentrations between control, vagotomy, and sham- 
operated rats on an ad lib feeding schedule (Fig. 3, Table 2). 

The restricted feeding regimen resulted in 12-hour shifts of 
peak corticosterone values in both the vagotomized and 
sham-operated animals (Experiment 2, Fig. 4). Two-way 
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FIGS. 2A and 2B. Pattern of weight gain in control, sham-operated 
and vagotomized animals under ad lib feeding (2A) and on daytime 
feeding restriction (2B). Vertical bars indicate+SE. The arrows 
indicate day of surgery. 


TABLE 2 


MEAN PLASMA CORTICOSTERONE (B) CONCENTRATIONS (ug/ml) 
IN CONTROL, SHAM-OPERATED, AND VAGOTOMIZED RATS 
UNDER AD LIB FEEDING AND ON DAYTIME 
FEEDING RESTRICTION (0930-1330) 





Ad lib feeding Plasma B 





Control 12.0 + 1.5 
Sham 10.2 + 1.0 
Vagotomy a5. +B7 


Restricted feeding Plasma B 





Sham Ise £15 
Vagotomy 15.9* + 1.6 





Values are 24-hour means + SE as determined by sampling every 
4 hours over a 48-hour period. 


*p<0.05 vs ad lib vagotomy and sham groups. 


ANOVA showed no significant difference between groups: 
F(1,74)=2.95, 0.10>p>0.05, no significant group interac- 
tion: F(11,74)=1.19, and significant change over time: 
F(11,74)=10.55, p<0.01. Mean plasma corticosterone levels 
were similar in sham and vagotomized rats on a restricted 
feeding schedule but levels in vagotomized rats were signifi- 
cantly higher than sham-operated (p<0.05) and vagotomized 
(p<0.05) controls when on ad lib feeding schedule (Table 2). 
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FIG. 3. Circadian periodicity of plasma corticosterone levels in con- 
trol (n=4), sham-operated (n=3), and vagotomized rats (n=6) under 
ad lib feeding. Values are mean+SE as determined every 4 hours 
over a 48-hour period. Solid horizontal black bars indicate darkness. 


DISCUSSION 


The present data indicate that an intact vagus nerve is not 
necessary for the establishment of circadian periodicity of 
plasma corticosterone concentration or for its entrainment to 
the time of food presentation. They do not therefore support 
the suggestion that vagal pathways might mediate the dis- 
ruptive effect of VMH lesions on either normal circadian 
corticosteroid periodicity under ad lib feeding conditions or 
on such entrainment. The results therefore suggest that other 
thus far uncharacterized central nervous system pathways 
are involved in these disruptive effects of ventromedial nu- 
cleus lesions. Both sham and vagotomized animals do man- 
ifest, under conditions of ad lib feeding but not restricted 
feeding, a lessened extent of circadian variation than present 
in control animals. It is possible that this is secondary to the 
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FIG. 4. Circadian periodicity of plasma corticosterone levels in 
sham-operated (n=4) and vagotomized (n=7) animals on restricted 
feeding schedule. Values are mean+SE as determined by sampling 
every 4 hours over a 48-hour period. Solid horizontal black bars 
indicate time of darkness. Open horizontal bars indicate time of 
daily access to food and water. 


surgical procedure, an effect dissipated by the time studies 
were performed on the restricted feeding regimen. 

Additionally, acute duodenal nutrient infusion studies 
have suggested vagal involvement in the short-term regula- 
tion of food intake [11]. The present report demonstrates that 
under conditions of chronic adaptation to a liquid diet, va- 
gotomy had no effect on the percentage of nocturnal food 
and water intake or on total amount consumed under ad lib 
feeding conditions. 
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ALBERT, D. J. AND M. L. WALSH. Medial hypothalamic lesions in the rat enhance reactivity and mouse killing but not 
social aggression. PHYSIOL. BEHAV. 28(5) 791-795, 1982.—In rats subjected to lesions of the medial hypothalamus, 8 of 
11 animals became mouse killers and all manifested some degree of hyperreactivity to the experimenter. When introduced 
as intruders into a mixed sex colony group, the lesioned rats did not manifest piloerection nor did they emit flank attacks 
characteristic of social aggressive behavior. However, the lesioned animals did respond to the attacks of the resident male 
rats with significantly more counterattacks and biting than did sham-lesioned control rats. Spontaneous mouse killing rats 
also failed to show a level of social aggressive behavior significantly greater than that of sham-operated control rats, but the 
spontaneous mouse killers did kill rat pups in the colony groups. Alpha-male rats when introduced as an intruder into a 
colony group did exhibit piloerection and emit flank attacks characteristic of social aggressive behavior. These results 
demonstrate that the mouse killing and heightened reactivity associated with medial hypothalamic lesions do not represent 


an indiscriminant release of all forms of agonistic behavior. 


Aggression Agonistic behavior 


Mouse killing 


LESIONS of the medial hypothalamus produce an increase 
in reactivity to the experimenter and an increase in mouse 
killing. The increase in reactivity is well documented and is 
similar to that following septal area lesions although longer 
lasting [2, 3, 4, 7, 8, 9, 10, 15, 22, 25]. In a recent review we 
have argued that the increase in reactivity to the experi- 
menter caused by septal area lesions and that caused by 
medial hypothalamic lesions may both represent a 
heightened defensiveness [8,9]. Although the increase in 
mouse killing has only begun to be subjected to substantial 
investigation, we have obtained evidence that it is similar to 
that of spontaneous mouse killers and accordingly may rep- 
resent an enhanced predatory behavior [7,8]. 

Several experiments have examined the effect of medial 
hypothalamic lesions on social aggression. In an early exper- 
iment, Adams [1] reported that following medial hypotha- 
lamic lesions, there was no change in aggressive behavior 
directed toward an adult conspecific placed in the lesioned 
rat’s living cage. Grossman [19] and Kastermann and Stamm 
[20] reported that the lesions decreased success against con- 
specifics in a food competition situation. In contrast, Col- 
paert and Wiepkema [14] and Olivier [24] each report in- 
creased social aggression directed toward a conspecific 
placed in the cage of a lesioned animal. The inconsistency in 
the results obtained suggests that further observations on the 
effect of medial hypothalamic lesions on social behavior 





Defensive behavior 


Hyperreactivity Medial hypothalamus 


would be useful. In particular, no experimenters have exam- 
ined rats which manifest both mouse killing and heightened 
reactivity to the experimenter postoperatively to determine 
whether these rats might exhibit an enhancement of social 
aggressive behavior. 

The object of the present experiment was to examine the 
behavior of rats with medial hypothalamic lesions when they 
were introduced as intruders into a mixed sex colony group. 
In the present experiment, the lesioned rats were tested for 
reactivity and mouse killing prior to the test of social aggres- 
sion. For comparison purposes, sham-lesioned rats, spon- 
taneous mouse killing rats, and alpha-male rats were also 
tested for reactivity, mouse killing, and social aggression. 
The behavior of the spontaneous mouse killing rats in the 
colony group situation was intended to provide information 
on how a spontaneously predatory animal would behave in 
the colony group situation. The behavior of the alpha-male 
rats was intended to establish that an intruder in a colony 
group can emit social aggression. 


METHOD 


The subjects were male hooded rats weighing 400 to 500 g 
from the Canadian Breeding Farms and Laboratories. The 
rats were maintained on a normal 12/12 light/dark cycle. All 
testing was carried out during the light phase. Prior to the 
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experiment the rats were kept in same-sexed group cages 
and gentled slightly. At the beginning of the experiment each 
rat was placed in an individual cage for 24 hrs. At the end of 
this period, an adult albino mouse (male or female) was in- 
troduced into the cage and left for a 15 min period. Those 
animals which killed the mouse were designated as natural 
killers. Those which did not kill were subjected to surgery. 
About 20% of the rats were spontaneous mouse killer. 
Electrolytic lesions were made within 48 hrs of the mouse 
killing test using a Kopf Stereotaxic Instrument, sodium pen- 
tobarbital anesthesia, a stainless steel anode, and standard 
surgical procedures. The lesioning current was 2.0 mA for 23 
sec and the coordinates were: 0.0 mm anterior to bregma, 0.7 
mm lateral to the midline, and 9.0 mm ventral to the cortical 
surface (mouth bar 5.0 mm above the interaural line [23]). 


Mouse Killing and Reactivity to the Experimenter 


Behavioral testing began at 48 hrs postoperatively. An 
adult albino mouse was introduced into the rat’s living cage 
and left there for a 15 min period. If the rat killed the mouse 
within this time, the mouse was allowed to remain for 10 min 
following the kill. Thirty to 60 min following the mouse kil- 
ling test, each rat was tested for reactivity to the experi- 
menter in a novel chamber (606060 cm high) with dried 
corn chips (Sani-Cel) on the floor. The test chamber was 
outside of the area where the animals were housed. 

Reactivity to the experimenter was scored by presenting 
the rat with a series of stimuli which varied in the extent to 
which they were threatening. These stimuli were (in order of 
presentation): a pencil placed in front of the nose, a tap on 
the back with a pencil, a gloved hand placed in front of the 
nose, a poke in the side with a blunt rod, grasping by the tail, 
and grasping around the abdomen. The animal’s response to 
each of these stimuli was scored from 0 to 3, 0 representing 
no response and 3 indicating a highly agonistic response. In 
addition, the animal was scored from 0 to 3 for the amount of 
vocalization and the amount of biting during the reactivity 
testing (for further details of this testing procedure, see [3, 6, 
9]. The maximum score on the reactivity test was 24. Spon- 
taneous mouse killers and sham-lesioned rats were subjected 
to the same behavioral testing sequence. 

Alpha-male rats were also subjected to the mouse killing 
and reactivity testing but their testing was not begun until 
behavioral testing of the other animals (including testing in 
the colony group cages) had been completed (see next sec- 
tion for a further discussion of this point). 


Behavior in the Colony Group 


At 72 hrs postoperatively, a lesioned rat was introduced 
as an intruder into a colony group [13,23] which had been 
together for 8 to 10 weeks. Colony groups were composed of 
3 males and 2 females and sometimes rat pups (offspring less 
than 30 days of age). The family groups were housed in 
boxes 100 cm long, 60 cm wide, and 20 cm high. Clear Plexi- 
glas ends permitted behavioral observations. The top was of 
1.5 cm square hardware cloth and dried corn chips were on 
the floor. 

During the 8 to 10 weeks the colony rats were together 
prior to testing, intruders were introduced twice a week for 
15 min, so that by the time testing of the experimental 
animals began, introduction of an intruder into a colony 
group regularly elicited attack from one or more resident 
animals of the colony group (usually males). The test animal 
was left in the colony for 15 min. During this time two obser- 
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TABLE | 


MOUSE KILLING AND REACTIVITY TO THE EXPERIMENTER IN 
RATS WITH LESIONS OF THE MEDIAL HYPOTHALAMUS, 
SPONTANEOUS MOUSE KILLING RATS, ALPHA-MALE RATS, 
AND SHAM-LESIONED RATS 





Mean 
Reactivity 


Proportion 


Group N Killing Mouse 





MH-Lesion 1] 8/11* 11.4 (+1.9)* 


Spontaneous Killers 10 10/10* 1.6 (+0.5) 
Alpha-Males 8 0/8 1.8 (+0.4) 
Sham-Lesions 14 0/14 2.0 (+0.3) 





Significantly different from sham lesion. *p<0.05. 
Figures in parentheses are standard error of the mean. 


vers recorded piloerections, flank attacks, and bites by the 
intruder on female colony rats, and kills of colony rat pups 
by the intruder. Flank attacks consisted of an attacking rat 
moving alongside a target rat, pushing against the target rat 
with the near hind foot and then attempting to bite the target 
rat [8, 12, 18]. 

Spontaneous mouse killers and sham-lesioned animals 
were tested in the same way as the lesioned animals. Each 
animal was tested only once and the animals from the differ- 
ent groups (except the alpha-male group) were tested in ran- 
dom order. Testing in the colony groups was done every 
fourth day. 

Alpha-male rats were tested after all other animals had 
been tested. The reason for this was the consideration that 
some aspect of the removal of an alpha-male rat from a col- 
ony might alter the dominance relationships within the col- 
ony. Alpha-male rats were first tested as intruders in another 
colony group. They were then tested for mouse killing and 
finally for reactivity. Mouse killing was tested in the colony 
group cages by simply introducing a mouse into the colony 
group cage. 


Histology 


Following testing the animals were killed and the brains of 
the lesioned rats were removed and placed in formol-saline. 
They were later sectioned with a cryostat and stained with 
cresyl! violet. 


RESULTS 
Mouse Killing and Reactivity 


Eight of 11 animals with lesions of the medial hypothala- 
mus killed a mouse (Table 1). This killing frequency is sig- 
nificantly higher than that of the sham-operated control rats 
(Fisher’s Exact Probability Test, ><0.01). Of the animals that 
killed, the mean latency to kill was 37 sec and the mean 
amount eaten in the ensuing 10 min was 0.7 g. The mean 
reactivity of the lesioned animals was 11.4, significantly 
higher than that of the animals in any other group (Table 1; 
F(3/79) =22; p<0.01; t-test, »><0.01, in comparison to each of 
the other groups). 

All 10 spontaneous mouse killing rats killed mice in their 
living cage on the test day. The mean latency to kill was 57 





LESIONS AND SOCIAL BEHAVIOR 


TABLE 2 


BEHAVIOR OF RATS WITH LESIONS OF THE MEDIAL HYPOTHALAMUS, SPONTANEOUS 
MOUSE KILLING RATS, ALPHA-MALE RATS, AND SHAM-LESIONED RATS IN 
THE COLONY TEST SITUATION 





Group 


Piloerection 


Attacks 
Females 


Flank Bites 
Attacks Males 





MH-Lesion 0/11 
Spontaneous Killer 2/10 
Alpha-Males 7/87 
Sham Lesions 14 1/14 


0/11 6/11* 0/11 
0/10 2/10 1/10 
7/8F 6/87 1/8 
0/14 1/14 1/14 





Significantly different from sham lesion. *p<0.05, tp<0.01. 


sec and the mean amount eaten in the following 10 min was 0.7 
g. The mean reactivity of these animals was similar to that 
of the sham-operated control rats (Table 1). 

Alpha-male rats did not kill any of the mice placed in their 
living area (only one mouse was killed when placed in the 
group colonies and that was by a female). The absence of 
mouse killing by alpha-male rats is presumably related to the 
absence of rat pup killing by animals in the colony group. 
The mean reactivity of the alpha-male rats was not signifi- 
cantly different from the sham-operated animals. 

None of the sham-operated rats killed a mouse placed in 
their living cage and their mean reactivity level was 2.0. 


Attack Behavior in the Colony Test 


None of the rats with medial hypothalamic lesions exhib- 
ited the species typical pattern of social aggression which 
includes piloerection and flank attacks when placed in the 
colony groups (Table 2). These animals did, however, show 
significantly more biting at the resident rats which were at- 
tacking them (Table 2). In the course of these counterattacks 
the resident rats were sometimes forced into the on-back 
position. The tendency to make these counterattacks oc- 
curred in rats which did not kill mice as well as in those 
which did. The counterattacking behavior was not clearly 
related to reactivity level. The lesioned animals did not at- 
tack females nor did they kill colony pups. 

Spontaneous mouse killing rats failed to manifest 
piloerection or flank attacks in the colony group situation. 
Two animals bit back at attacking males. Three of 7 spon- 
taneous mouse killing rats introduced into colonies with rat 
pups killed rat pups and this is significantly more frequent 
than that of the sham-operated control group (Fisher’s Exact 
Probability Test; »><0.05). In one case a spontaneous killer 
bit a female in the vicinity of the pups it was attacking. 

Alpha-male rats introduced into colonies as intruders 
showed the species typical pattern of social aggression in- 
cluding piloerection, flank attacks, and biting of other males 
in 7 of 8 cases, significantly more frequent than any other 
group (Table 2). The alpha males exhibited no aggression 
toward females except when females attacked them nor did 
they attack rat pups when these were present (Table 2). 

The sham-lesioned animals manifested almost no aggres- 
sive behavior when introduced as intruders into the colony 
groups. In contrast to the behavior of lesioned animals who 
showed exaggerated counterattack behavior in which they 
bit at the attacking rats, the preferred pattern of defense for 
the sham-lesioned animals was to run away. 


At the end of the experiment the alpha-male rats weighed 
about 550 g. The mean preoperative weight of the lesioned 
animals was 463 g. Both the colony group animals and the 
lesioned animals were larger in the final stages of the exper- 
iment. Of the last four lesioned animals tested, three weighed 
about 500 g. No systematic changes in behavior was asso- 
ciated with the weight variation in the lesioned group. 


Histology 


A schematic diagram of the medial hypothalamic lesions 
is shown in Fig. 1. The lesions destroyed a large portion of 
the area between the fornix and the third ventricle. No gross 
differences in lesions could be seen which would account for 
the variation in behavior between lesioned animals. 


DISCUSSION 


Medial hypothalamic lesions which induce mouse killing 
and increase reactivity to the experimenter clearly do not 
indiscriminantly augment agonistic behavior. The lesioned 
animals in the present experiment behaved much like spon- 
taneous mouse killing rats in that they killed a mouse with a 
short latency and consumed part of the dead prey. This re- 
sult is similar to those obtained previously [7]. One impor- 
tant respect in which lesioned and spontaneous killers dif- 
fered was in the failure of the lesioned animals to kill rat pups 
in the colony test. The reason for this is not clear. Rats with 
medial hypothalamic lesions which kill mice usually kill rat 
pups placed in their living cage [7]. Further, we have ob- 
served previously that rats which are induced to kill mice by 
lesions in the septal region do kill infant rats when intro- 
duced as intruders into a colony group [4,5]. 

The enhanced reactivity shown by rats with medial hypo- 
thalamic lesions has been argued to be the result of an 
enhanced defensiveness. This argument has been based on 
observations that the enhanced reactivity occurs to the ex- 
perimenter who is presumably threatening but not to other 
rats or to mice [5, 8, 9] and that these animals also exhibit 
enhanced shock-induced defensive fighting [16, 19, 25]. The 
present finding that lesioned rats return the attack of the 
alpha males with bites significantly more often than the 
sham-lesioned rats is an additional indication of an enhanced 
defensiveness induced by medial hypothalamic lesions. This 
enhanced tendency to bite is also congruent with reports that 
the biting of rats with medial hypothalamic lesions is more 
vicious than that of normal rats in the shock-induced fighting 
situation [16, 29, 25]. 
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FIG. 1. A schematic diagram indicating the area of the medial hypothalamus destroyed by the lesions. The brain 


diagrams are from Pellegrino and Cushman [26]. 


The absence of an enhancement of social attack behavior 
in the colony group situation is consistent with most previ- 
ous behavioral observations following medial hypothalamic 
lesions in rats. Adams [1] has reported no change in aggres- 
sive behavior toward an adult conspecific placed in the living 


cage of a lesioned animal and Grossman [19] and Kaster- 
mann and Stamm [20] report a decrease in success against 
conspecifics in a food competition situation. Colpaert [14] 
has reported an increase in aggression toward a conspecific 
placed in the living cage of a lesioned animal but the attack 
behavior observed was emitted by the lesioned animal only 
when it was approached by the intruder and so may corre- 
spond to an enhanced defensiveness [24]. The present exper- 
iment also appears to have produced this kind of behavior 
change. In contrast to these negative results, Olivier [24] 
reports that an enhancement of social aggression does occur 
when an intact intruder is placed in the cage of a male/female 
pair in which the male has a lesion of the posterior (but not 
the anterior) medial hypothalamus. The postero-medial hy- 
pothalamic lesions reportedly do not increase reactivity to 
the experimenter. 

The enhancement of distinct agonistic behaviors by me- 
dial hypothalamic lesions is congruent with numerous ob- 
servations on intact animals. It is usually the case that intact 
animals are not simultaneously predisposed to emit many 
agonistic behaviors. This was evident in the present experi- 
ment in the failure of the socially aggressive alpha-male rats 


to kill mice. While this result may seem surprising, it is 
coincident, with and very likely related to, the absence of 
pup killing in the colony males. The almost total absence of 
pup killing in colony rats can only be accounted for by infer- 
ring that they have acquired an inhibition for this behav- 
ior. The alpha-males also exhibited a normal level of reactiv- 
ity to the experimenter (defensiveness). The spontaneous 
mouse killing rats emitted neither social aggression in the 
colony groups nor above normal levels of defensiveness 
toward the experimenter. The rat pup killing behavior of 
these animals in the colony group is consistent with similar 
behavior emitted in their living cage [4,7]. In line with these 
observations, others have also reported that mouse killing 
rats do not differ from nonkillers in the tendency to show 
defensive behaviors or intraspecific fighting [11,21]. 

While the present results as well as most other experi- 
ments fail to indicate a role for the medial hypothalamus in 
the inhibitory modulation of social aggression, this is a suffi- 
ciently complex problem that it deserves to be examined 
further using varying social circumstances and lesion place- 
ments before a role for the medial hypothalamus in the 
modulation of social aggression can be confidently known. A 
conclusion that is justified by the existing evidence is that 
large lesions of the medial hypothalamus which induce 
mouse killing and enhance reactivity to the experimenter do 
not indiscriminantly increase all forms of agonistic behavior. 
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VICEDOMINI, J. P., J. V. CORWIN AND A. J. NONNEMAN. Role of residual anterior neocortex in recovery from 
neonatal prefrontal lesions in the rat. PHYSIOL. BEHAV. 28(5) 797-806, 1982.—Lesions of mediofrontal cortex in adult 
rats produce behavioral impairments on spatial alternation tasks as well as retrograde degeneration in the mediodorsal 
thalamic nucleus. The severity of the behavioral deficits and of the thalamic degeneration correlates positively with lesion 
size. In contrast, similar lesions in neonatal rats (10 days or younger) produce neither spatial alternation deficts nor 
thalamic degeneration, even after extensive lesions removing all of the mediofrontal cortex. This study examined the 
possibility that residual anterior cortex remaining intact after early mediofrontal lesions might be involved in the observed 
anatomical and behavioral sparing. The results show that the sparing of spatial alternation after neonatal frontal cortex 
lesions does not depend on functional substitution by intact regions of anterior cortex. Neonatal rats receiving extensive 
lesions including both the medial and orbital frontal cortex or the entire anterior neocortex remained unimpaired on this 
task. However, these same animals suffered severe retrograde degeneration in the mediodorsal thalamus. Therefore, 
although some form of neural plasticity cannot be entirely dismissed as the basis for the behavioral results, it seems more 
likely that behavioral rather than neural plasticity is involved. We suggest that rats deprived of frontal cortex from infancy 


are able to perform the spatial alternation task in a manner that differs from that used by most intact rats 


Anteromedial cortex Prefrontal cortex 


Mediodorsal thalamus 


LESIONS to the mediofrontal (MF) cortex of adult rats re- 
sult in serious behavioral impairments on spatial reversal 
[4,10] and spatial alternation [2, 18, 23, 24] learning tasks. 
Lesions placed in the adjacent orbitofrontal (OF) cortex 
produce only a mild impairment on these same spatial learn- 
ing tasks. In addition to their behavioral effects, these le- 
sions also produce retrograde degenerative changes within 
the mediodorsal thalamic nucleus (MD). This retrograde de- 
generation is located primarily within the lateral segment of 
MD following MF lesions and primarily within the medial 
segment of MD following OF lesions [10, 11, 17, 18]. 

Both the behavioral and anatomical sequelae to damage 
of either prefrontal subfield depends on the animals’ age at 
surgery [11, 12, 17]. Neonatal MF or OF operates show 
neither behavioral impairments nor retrograde cell loss in 
MD, even when the lesions are larger than those that 
produce dramatic effects in adult operates. The correspond- 
ence between functional sparing (lack of behavioral impair- 
ment) and anatomical sparing (lack of retrograde cell loss) in 
neonatal prefrontal operates might reflect a reorganization of 
the projections between MD and the remaining frontal cor- 
tex. Such a reorganization might consist of the de novo 
formation of thalamocortical projections to other regions of 
anterior neocortex, or it might reflect paraterminal sprouting 





Recovery of function 


Behavioral plasticity Neural plasticity 


and maintenance of existing collaterals [3] that would nor- 
mally be lost during later development. In either event, the 
present study is based on the premise that residuai anterior 
neocortex left intact after prefrontal lesions might be crucial 
for the observed anatomical and behavioral sparing. 

As early as 1938, Kennard [9] suggested that the age- 
dependent behavioral consequences of cortical lesions might 
involve functional take-over by cortical areas remaining un- 
damaged after the initial insult. More recently, Schneider 
and his colleagues [20, 21, 22] demonstrated that, following 
neonatal visual system (superior colliculus or visual cortex) 
lesions, functional recovery depends on neural reorganiza- 
tion within undamaged visual system structures. 

Anatomical studies of the prefronto-thalamic system in 
rats, utilizing anterograde degeneration [14,15] and both 
anterograde [1,13] and retrograde [5,6] transport techniques, 
have revealed neuroanatomical relationships that might sup- 
port a similar reorganizational response. Both MF and OF 
cortices project to one another directly [6], and each prefron- 
tal subfield receives some of its thalamocortical afferents 
from the same subdivision of MD [13]. The degree of overlap 
in thalamofrontal connectivity is quite extensive [6]; and, the 
data seem to indicate that both prefrontal subfields may re- 
ceive a collateral projection pattern, at least from the medial 
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S=Sham lesion, MF=Mediofrontal lesion, OF=Orbitofrontal lesion, OF/MF= Simultaneous Orbitofrontal and Mediofrontal lesions, 
ANT=Anterior Deneocortication, RTC=Recovery Time Control, X=Designated treatment received by these subjects. 


subdivision of MD. Additionally, the combined findings of 
the studies using anterograde or retrograde tracing tech- 
niques suggest a diffuse but uniform projection from MD to 
the molecular layer of the entire frontal convexity cortex [1, 
5, 6, 13]. 

The purpose of the present study was to determine 
whether remaining frontal cortex zones are necessary for the 
behavioral or anatomical sparing that occurs after restricted 
prefrontal lesions in neonatal rats. If reorganization of 
thalamo-prefrontal or cortico-cortical connections is re- 
sponsible for the observed sparing phenomena, then com- 
bined lesions of both prefrontal subfields (i.e., OF and MF 
cortex) produced early in ontogeny should preclude such 
sparing. Also, sequential early/late lesions, in which one pre- 
frontal subfield is removed in infancy and then the other later 
in adulthood, should result in no behavioral impairment con- 
sequent to the first lesion, followed by the appearance of a 
functional deficit after the second lesion. Alternatively since 
the thalamic projection zones of frontal cortex do overlap, 
and the entire frontal cortex appears to receive a diffuse MD 
projection, neural reorganization supporting behavioral or 
anatomical sparing might not be restricted only to the MF 
and OF subfields of prefrontal cortex. If this were the case, 
then removal of all anterior neocortex in neonates should 
produce behavioral deficit(s) and/or retrograde cell loss in 
MD that is at least as severe as that produced by restricted 
prefrontal lesions in adults. 

A spatial delayed alternation task was chosen for behav- 
ioral assessment because it is extremely sensitive to MF le- 
sions produced in adult rats; yet, rats with early MF lesions 
demonstrate greater sparing of function on this task than on 
any other task yet studied [17]. 


METHOD 
Subjects 


Eight to ten day old (n=62) and ninety day old (n=21) 
Long-Evans (hooded) rats of both sexes from the Psychol- 
ogy Department’s animal colony were used. Litters were 
culled to 8 rats within 2 days of birth. All rats were weaned at 
21 days of age and thereafter group housed (3 to 4 per cage), 


according to sex until 75 days of age. At 75 days of age all 
animals were placed in individual cages and remained 
housed individually for the duration of the experiment. The 
colony room environment was maintained at a constant tem- 
perature (22°C + 1°C) and relative humidity (457%+5%). A 12:12 
light-dark cycle was maintained with light onset at 8 a.m. All 
surgical procedures and behavioral testing were conducted 
during the light phase. A summary of the experimental design 
is shown in Table 1. Neonatal rats were given bilateral le- 
sions to MF, OF, or combined OF/MF cortex. Other 
neonatal operates received total bilateral anterior neocortical 
(ANT) lesions or were given sham lesions. A split litter 
technique was used so that each surgical group was repre- 
sented in every litter. The neonates were removed from the 
nest as a litter and returned to their mother as a litter follow- 
ing surgery. 

All of these neonatal operates received a second prefron- 
tal cortex or sham lesion later in adulthood. These subse- 
quent lesions, interpolated between acquisition and retention 
tests, were produced approximately 130 days after neonatal 
surgery. The neonatal MF operates received OF lesions and 
the neonatal OF operates received MF lesions. Neonatal 
OF/MF and ANT operates received only sham lesions in 
adulthood. The remaining neonatal sham (S) operates were 
given S, OF or MF lesions. 

An additional series of animals received S, MF, or OF 
lesions at 90 days of age. In these adult operated groups, the 
animals received a postoperative recovery interval before 
their behavioral testing equivalent to that allowed neonatal 
operates. These subjects served as postoperative recovery- 
time-controls (RTC). This allowed assessment of lesion ef- 
fects which are not confounded by differences in postopera- 
tive recovery intervals for neonatal and adult operates. 


Surgery 


Anesthesia was produced by ether and ice-induced 
hypothermia in the neonatal operates and by chloral hydrate 
(330 mg/kg) in the adult operates. Surgical procedures used 
to produce MF and OF lesions in neonates and adults have 
been described previously [11,17]. While the neonatal MF, 
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OF and MF/OF lesions were restricted to the prefrontal sub- 
fields identified by Leonard [14,15], anterior neocortical le- 
sions (ANT-S group) removed MF and OF cortex plus all of 
the convexity cortex lying between MF and OF subfields 
rostral to Bregma. Following hemostasis, the wound was 
packed with wet Gelfoam and the incision closed, either by 
suturing in neonatal operates or with stainless steel wound 
clips in the adult operates. The sham operations in neonates 
and adults involved only incision of the scalp and periosteum 
followed by closure of the incision. Following neonatal op- 
erations, there was a 90-110 day postoperative recovery 
interval before acquisition testing. After completing acquisi- 
tion testing a second neocortical or sham operation was 
given to all subjects except those in the RTC groups. Prior to 
retention testing, a 14 day postoperative recovery interval 
was allowed. 


Behavioral Testing 


A modification of the spatial delayed alternation proce- 
dure described by Wikmark, Divac and Weiss [24] was used. 
All behavioral testing was conducted in a T-maze con- 
structed of plywood and painted flat gray throughout. A 
more detailed description of the T-maze can be found in 
Nonneman and Kolb [18]. Prior to initial training, the rats 
were gentled by daily handling (10-14 days) and adapted to 
the maze. Then the animals were placed on a 23 hour food 
deprivation schedule and pretrained 10 trials per day with 
food (hydrated Purina rat chow) available in both goal arms. 
During this pretraining phase consecutive responses to the 
same arm were followed by a forced choice to the previously 
non-chosen arm. This procedure was intended to discourage 
the formation of side preferences, and to ensure that the 
animal experienced reward in both goal locations. Pretrain- 
ing was terminated when the rats ate readily from either arm 
on all trials for two consecutive days, a criterion obtained by 
most animals within three days. 

During both acquisition and retention test phases the 
animals were required to spatially alternate their responses. 
A non-correction procedure was used, and the location of 
the food cup on any trial depended on, and was opposite to 
the location of the animals’ previous response. The first trial 
of each training session was always reinforced. On subse- 
quent trials a correct choice (alternation) was reinforced by 
10 seconds access to rat chow, after which the food cup 
containing the chow was moved to the other goal arm for the 
next trial. An error was scored if the animal entered the same 
goal arm on two consecutive trials; additional consecutive 
responses to the same goal arm were scored as perseverative 
errors. Ten trials per day were given until a criterion of 80% 
correct on two consecutive days, or a maximum of 200 trials 
was observed. 


Histological Procedures 


At the completion of all behavioral testing, the rats were 
sacrificed with an overdose of chloroform and transcardially 
perfused with 0.9% saline followed by 10% Formalin in 
saline. The brains were removed and kept in 30% sucrose- 
10% Formalin for at least two weeks, then cut on a freezing 
microtome at 35 ~m, mounted on slides, and stained with 
cresyl violet. Every tenth section through frontal cortex and 
every fifth section throughout the extent of the MD thalamus 
was kept. The extent of frontal lesions and the magnitude of 
retrograde degeneration in the MD thalamus were assessed 
by light microscopy. The frontal lesions were reconstructed 


on standardized diagrams adapted from the atlas by Pelle- 
grino and Cushman [19]. The locus and degree of frontal cor- 
tex damage and retrograde degeneration in MD were deter- 
mined independently by at least two of the authors. Addi- 
tionally, mean cortical damage (mm?) in the operated groups 
was assessed by tracing the lesion reconstructions (see Fig. 
3), of each lesioned subject, on a graphics tablet interfaced 
with a microcomputer. The area (mm?) and maximum diame- 
ter of MD was also measured in these subjects, using a Zeiss 
M.O.P. scanner-camera lucida. This measurement was taken 
from the single section that corresponded most closely to the 
figure in the Pellegrino and Cushman atlas [19] representing a 
coronal section 1.2 mm posterior to Bregma (p. 38). This is 
the section typically exhibiting the most severe retrograde 
degeneration. 


RESULTS—BEHAVIORAI 
Acquisition 


The two groups of neonatal prefrontal cortex operates 
(OF/MF-S, ANT-S) were unimpaired in acquisition of the 
alternation task; and, they did not differ from each other, 
from their age/litter matched sham operated controls (S-S), 
nor from subjects given sham (S-RTC) or OF (OF-RTC) le- 
sions in adulthood on three different performance measures: 
trials, errors, and perseverative errors to criterion. In con- 
trast, the subjects given MF lesions as adults (MF-RTC) 
were severely impaired on these three acquisition measures 
relative to subjects in all other surgical groups (see Fig. 1, 
upper and lower left panels). 

These conclusions are supported by the following statisti- 
cal comparisons. All statistical results reported are based on 
two-tailed significance tests. Kruskal-Wallis tests indicated 
significant overall between group differences for trials, 
H(9)=28.55, p<0.001, errors H(9)=30.27, p<0.001, and per- 
severative errors, H(9)=16.26, p<0.05. Subsequent paired 
comparisons using Mann-Whitney U tests revealed that, on 
all three measures of acquisition performance, neonatal pre- 
frontal operates, their sham controls and adult sham and OF 
operates did not differ reliably from one another (p’s>0.10). 
However, subjects in the MF-RTC group were significantly 
slower than any other group in acquiring the alternation task 
(p’s<0.025) and they also made more errors (p’s<0.05) and 
perseverative errors (p’s<0.05). 


Retention 


All groups receiving only sham lesions as adults (S-S, 
OF/MF-S, ANT-S) showed excellent and essentially equiv- 
alent retention of their previous learning. Both groups re- 
ceiving OF lesions as adults (S-OF, MF-OF) were mildly 
impaired on retention testing; whereas both groups receiving 
MF lesions as adults (S-MF, OF-MF) were more severely 
impaired on all three measures of retention (see Fig. 1, upper 
and lower right panels). 

The following statistical results support these conclu- 
sions. Kruskal-Wallis tests indicated significant overall be- 
tween group differences in retention for trials, H(6)=20.68, 
p<0.01, errors, H(6)=33.26, p<0.001, and perseverative er- 
rors, H(6)=35.85, p<0.001. Subsequent paired comparisons 
using Mann-Whitney U tests revealed that, on each measure 
of performance, subjects in the S-S, OF/MF-S and ANT-S 
groups did not differ reliably from one another (p’s>0.10). 
Subjects in the S-OF andMF-OF groups exhibited equivalent 
retention deficits on all three performance measures 
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FIG. 1. Upper ieft panel shows median trials to criterion in acquisition of spatial alternation; lower left panel shows median initial errors (open 
bars) and perseverative errors (solid bars) to criterion. Upper right panel shows median trials to criterion in retention of spatial alternation; 
lower right panel shows median initial errors and perseverative errors to criterion. Asterisks beside each bar indicate mean performance for 
that group, and vertical bars indicate the interquartile range. Group abbreviations as in Table 1. Within each panel lower case letters indicate 
no statistically significant differences for like-labeled groups, and significant differences between groups with different letters. 


(p’s>0.10). These two groups of adult OF lesioned subjects 
showed retention deficits relative to S-S, OF/MF-S, and 
ANT-S subjects on trials (p’s<0.02), errors (p’s<0.05) and 
perseverative errors (p’s<0.05). Subjects in the two groups 
given MF lesions in adulthood (S-MF, OF-MF) did not differ 
reliably from another; and, they required significantly more 
trials to criterion (p’s<0.05) and made significantly more er- 
rors (p’s<0.01) and perseverative errors (p’s<0.01) than any 
other group. 


Transfer of Training 


The analyses of retention performance suggest that sub- 
jects given only sham operations at second surgery exhibit 
transfer of training between acquisition and retention tests; 
whereas, those receiving brain damage at second surgery do 


not. This was tested more directly by analyses of savings 
scores (acquisition minus retention performance). 

The three groups of neonatal operates receiving only 
sham lesions in adulthood (S-S, OF/MF-S, ANT-S) exhib- 
ited nearly equivalent positive savings scores on trials, er- 
rors, and perseverative errors measures. The positive savings 
scores for all three measures exhibited by these groups were 
reliably different from the negative savings scores for all three 
measures obtained by subjects given OF lesions (S-OF, 
MF-OF) or MF lesions (S-MF, OF-MF) in adulthood. The 
negative savings scores for trials, errors, and perseverative 
errors, obtained by the two groups of subjects sustaining OF 
damage in adulthood did not differ from one another, nor did 
negative savings scores between the two groups of subjects 
given MF lesions. However, on all three savings scores 
measures the two groups of subjects given MF lesions in 
adulthood showed greater negative transfer than the two 
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FIG. 2. Upper panel shows median savings scores for trials; lower panel shows median 
savings scores for initial errors (open bars) and perseverative errors (solid bars). Dots 
beside each bar indicate mean performance for that group. Group abbreviations as in 
Table 1. Within each panel lower case letters indicate no statistically significant differ- 
ences for like-labeled groups, and significant differences between groups with different 


letters. 


groups of subjects which received OF damage in adulthood 
(see Fig. 2). 

These conclusions are supported by the following statisti- 
cal comparisons. Kruskal-Wallis tests performed on the 
savings scores revelaed significant overall between group 
differences for trials, H(6)=52.40, p<0.001, errors, 
H(6)=39.17, p<0.001, and _ perseverative errors, 


H(6)=32.12, p<0.001. Subsequent paired comparisons using 
Mann-Whitney U tests showed that the two groups of 
neonatal frontal operates (OF/MF-S, ANT-S) did not differ 
reliably from each other or from their age/litter matched 
sham controls (S-S) on any measure (p’s>0.10). Subjects in 
the S-S, OF/MF-S, and ANT-S groups showed greater posi- 
tive savings than those in the S-OF and MF-OF groups on 
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FIG. 3. Reconstructions of minimum (shaded area) and maximum shaded plus striped area) cortical 
lesions. Group abbreviations as in Table 1. Numbers below each reconstruction indicate mean cortical 
damage (mm?) and standard deviation (shown in brackets). 


trials (p’s<0.02), errors (p’s<0.02) and perseverative errors 
(p’s<0.05). The former three groups of subjects also exhib- 
ited greater positive savings than those in the S-MF and 
OF-MF groups on trials (p’s<0.01), errors (p’s<0.001) and 
perseverative errors (p’s<0.002). For all three savings 


scores measures differences were not obtained between the 
two groups of adult OF lesioned subjects (p’s>0.10) nor be- 
tween the two groups of adult MF lesioned subjects 
(p’s>0.10). However, subjects in the S-OF and MF-OF 
groups exhibited smaller negative savings than those in the 
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S-MF and OF-MF groups on trials (p’s<0.05), errors 
(p’s<0.04) and perseverative errors (p’s<0.025). 


RESULTS—ANATOMICAL 


Reconstructions of maximum and minimum cortical lesions 
are shown in Fig. 3; and, for each surgical group, beneath its 
lesion reconstruction, we report the mean lesion size (mm?) 
and its standard deviation. Neonatal operates given MF 
(MF-OF group) OF/MF and ANT lesions suffered the most 
cortical damage. Two subjects in the MF-OF group were 
dropped from the study because of massive cortical necrosis 
presumably caused by bilateral disruption of the middle cer- 
ebral artery during adult OF removal. The lesions produced 
in adult subjects in like-lesioned groups (MF-RTC and S-MF 
or OF-RTC and S-OF) sustained comparable amounts of 
cortical damage. Mean cortical damage in the MF-OF group 
was somewhat greater than that observed for OF-MF sub- 
jects. 

It is important to note that even though ANT and OF/MF 
subjects received cortical lesions at least as large as any 
other surgical group, their acquisition and retention behavior 
was normal. Also, despite the fact that MF-OF subjects suf- 
fered somewhat more (20%) cortical damage than did 
OF-MF subjects, the performance of the latter group was 
significantly worse than that of the former in retention test- 
ing (i.e., following both cortical lesions). 

The cortical lesions produced in both neonatal and adult 
operated subjects destroyed their intended targets. Rank- 
order correlation coefficients (Spearman’s p) were computed 
between mean MF and/or OF cortex [14] damage or ANT 
damage and acquisition or retention performance. The corre- 
lations were performed using error scores, either in acquisi- 
tion or retention, as errors to criterion is typically more sen- 
sitive a measure than trials or perseverative errors to crite- 
rion. 

Significant positive correlations were found between MF 
cortex damage and errors in both acquisition (MF-RTC, 
p=.68, p<0.05) and retention (S-MF, p=.66, p<0.05). The 
retention performance of subjections in the OF-MF group 
was also positively correlated with the amount of prefrontal 
cortex damage (p=.77, p<0.05). These results further show 
that adult MF cortex damage not only impairs acquisition but 
also disrupts the retention of preoperatively acquired spatial 
alternation behavior, in either sham or OF lesioned neon- 
ates. Note that the magnitude of retention impairment in 
OF-MF subjects does not differ significantly (see Retention, 
above, and Fig. 1), from that seen in S-MF subjects. These 
results for retention are concordant with the correlation be- 
tween prefrontal lesion size and performance; and, they 
agree with earlier observations [17] which indicate no de- 
leterious effects of neonatal OF removal on adult spatial al- 
ternation behavior. 

All other correlations computed between amount of corti- 
cal damage and spatial alternation performance failed to 
reach significance. The absence of significant correlations in 
the two groups of neonatal operates, OF/MF and ANT, are 
particularly important. In agreement with the acquisition and 
retention data for these two groups, it is shown that exten- 
sive prefrontal removal during infancy does not compromise 
spatial alternation learning in adulthood. 

Retrograde degeneration in the mediodorsal (MD) 
thalamic nucleus was observed in all surgical groups. The 
most extensive MD degeneration was found in animals given 
neonatal ANT lesions. In these subjects all three segments of 


MD [13] exhibited extensive gliosis and neuronal cell loss; 
and nearly all remaining MD projection cells exhibited ir- 
regular contours. Subjects receiving neonatal OF/MF lesions 
also exhibited extensive MD degeneration; however, the 
magnitude of MD degeneration in these subjects appeared 
less severe than that observed in neonatal ANT operates. 
Photomicrographs representative of MD degeneration from 
subjects given neonatal ANT or OF/MF lesions are shown in 
Fig. 4. Also shown in Fig. 4 is a representative photomicro- 
graph of the MD nucleus taken from an animal sustaining 
neonatal MF-only removal in the study of Nonneman and 
Corwin [17]. The lack of neural sparing following neonatal 
ANT or OF/MF damage is clearly evident in contrast to the 
neural sparing observed following neonatal MF-only re- 
moval. 

Subjects in the OF-MF and MF-RTC groups exhibited 
patterns of retrograde degeneration characteristic of adult 
MF-only operates; that is, following MF removal in adult- 
hood the lateral segment of MD exhibits the most severe 
retrograde degeneration. Subjects in the MF-OF and 
OF-RTC groups were found to have patterns of MD degen- 
eration resembling those found in adult OF-only operates. 
Orbitofrontal lesions produced in adulthood result in de- 
generative changes confined to the medial and central seg- 
ments of MD. 

The area and maximum diameter of MD was assessed for 
each animal at the level typically exhibiting the most severe 
retrograde degeneration (see Method). These data are pre- 
sented in Fig. 5. For purposes of comparison, data are in- 
cluded for neonatal MF-only operates from the study of 
Nonneman and Corwin [17]. It was found that only the most 
extensive neocortical lesions produced in ANT subjects re- 
sulted in atrophy of MD. The behavioral data from neonatal 


MF-only operates are well within the range of the sham 
operates. Note also that the data for neonatal OF/MF oper- 
ates do not differ from those observed in OF-MF and MF-OF 
operates, while they are all markedly different from those 
observed in neonatal ANT operates. 


DISCUSSION 


This study assessed the possibility that sparing of spatial 
alternation (SA) performance following neonatal mediofron- 
tal (MF) cortex lesions reflects functional substitution by 
intact regions of frontal cortex. The results of both acquisi- 
tion and retention testing suggest that this is not the case. In 
acquisition, normal behavioral performance was observed 
even following simultaneous removal of MF and orbitofron- 
tal (OF) cortex (OF/MF group), or following extensive 
anterior neocortical lesions (ANT group) early in ontogeny. 
Similar findings were recently reported by Kolb and 
Whishaw [12], who found that large anterior cortical lesions 
in neonates did not compromise spatial reversal learning. 
Thus, in infant operates tissue adjacent to MF cortex need 
not be left intact to observe behavioral sparing on spatial 
tasks. 

The retention test data from this study also show that the 
absence of behavioral impairment after massive frontal cor- 
tex lesions in infant rats is an enduring phenomenon. Reten- 
tion performance of OF/MF-S and ANT-S operates re- 
mained within the range of age/litter matched sham controls. 
Indeed, only these two groups of neonatal operates (and 
their control group) showed significant positive savings 
scores in retention. The effects of OF lesions produced in 
adult animals subsequent to MF lesions in infancy (MF-OF 
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FIG. 4. Representative photomicrographs of retrograde degeneration in the mediodorsal (MD) 
thalamic nucleus 1.2 mm posterior to Bregma. Upper photomicrograph shows MD retrograde 
degeneration from ANT-S lesions; middle photomicrograph shows degeneration from OF/MF-S 
lesions; lower photomicrograph shows degeneration from neonatal MF only lesions. Arrows 
point to the lateral segment of MD (see text for description). Abbreviations: HB=habenula, 
HPC=hippocampus, PV=paraventricular nucleus. Calibration bar=500 um. 
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FIG. 5. Upper panel shows median area (mm*) of the mediodorsal 
thalamic (MD) nucleus 1.2 mm posterior to Bregma; lower panel 
shows median diameter at widest point of MD at same coronal 
plane. The vertical bar indicates group interquartile range. Group 
abbreviations as in Table 1 except for MF-S=neonatal MF-only le- 
sion. 


group) were no more debilitating than the effects of OF le- 
sions alone (S-OF group) in adulthood. Thus, just as 
neonatal MF/OF or ANT lesions do not preclude behavioral 
sparing, subsequent removal of OF cortex in neonatal MF 
operates does not entirely eliminate it. 

On the other hand, the integrity of cortical areas adjacent 
to the MF subfield does seem to be critical for the anatomical 
sparing seen in the MD thalamus of rats sustaining neonatal 
MF damage. Unlike the absence of retrograde degeneration 
in MD reported for neonatal MF or OF operates in earlier 
studies [11,17] neonatal OF/MF or ANT operates in this 
study exhibited extensive MD degeneration. 

Given the lengthy postoperative survival time allowed 
neonatal MF-only or OF-only operates in the earlier studies 
[11,17], it could be argued that the apparent lack of MD 
degeneration in these subjects simply reflects effective 
phagocytosis of degenerative neurons and subsequent at- 
rophy of MD. If this were the case, the reduced size of MD 
would lead to the apparently normal cell density observed. In 


the present study, however, both neonatal OF/MF and ANT 
lesions resulted in extensive MD degeneration, while only 
lesions that destroyed convexity neocortex as well as OF 
and MF cortices (ANT group) induced atrophy of MD. In 
neonatal MF-only operates, no atrophy of MD was ob- 
served. 

The extensive retrograde degeneration of MD in neonatal 
OF/MF operates, in contrast to the lack of MD degeneration 
in MF-only operates, can be interpreted in terms of more 
complete axotomy of MD cells which project (from the cen- 
tral segment of MD) to both prefrontal zones [6,13]. 
Neonatal ANT lesions may produce the most extensive ret- 
rograde degeneration in MD since the diffuse projections to 
layer I of frontal convexity cortex [13] have been damaged in 
addition to the OF and MF projections. Alternative explana- 
tions of these findings are possible. For example, the lack of 
MD cell loss following early MF damage may reflect the 
maintenance of transient collaterals to cortical regions adja- 
cent to MF cortex which, in the absence of brain damage, 
would be lost during cerebral maturation. Extensive degen- 
eration in MD would thus be expected if, in neonatal oper- 
ates, damage was incurred to cortical zones sustaining these 
transient collaterals. 

In this study, the lack of correspondence between behav- 
ioral sparing and neural sparing is striking. Perhaps, then, 
the sparing of function we observed depends on mechanisms 
involving behavioral rather than anatomical plasticity. The 
fact that neonatal operates solve spatial alternation in as few 
trials or with the same number of errors as controls need not 
imply that the ‘‘functions’’ of removed cortex have been 
replaced. While the groups exhibit apparently equivalent 
performance, significant differences in learning mechanism 
or behavioral strategy may exist but go undetected when 
neonatal and adult frontal operates are compared. 

A precise behavioral analysis of SA acquisition has not 
been performed; consequently a precise specification of how 
neonatal frontal operates exhibit behavioral sparing is not 
yet possible. Nevertheless, it seems likely that the SA task 
used here can be solved in more than one way. The preferred 
method, the one that is apparently used by most, if not all, 
control subjects seems to depend on the integrity of the MF 
cortex. Thus, MF lesions in adult rats produce a serious SA 
acquisition deficit, but most operates eventually learn the 
task. Furthermore, once having learned the task, these adult 
frontal operates show excellent retention on subsequent re- 
testing [2,17]. In contrast, control subjects that learn the task 
efficiently preoperatively show no evidence of retention 
when retested after receiving bilateral MF cortex destruction 
({2], present study). However, most of these subjects can 
eventually relearn the task, and this reacquisition requires as 
many trials and errors to criterion as initial SA acquisition 
for adult MF operates. These data suggest, but do not prove, 
that SA acquisition and reacquisition by adult frontal oper- 
ates utilize different neural substrates that support different 
behavioral mechanisms than those used by controls. 

This need not be the case for neonatal frontal operates. 
They presumably acquire SA using neural substrates left un- 
damaged by neonatal frontal ablation. Thus for neonatal 
operates, having acquired SA initially with damaged prefron- 
tal regions, retention testing following sham lesions in adult- 
hood need not involve a relearning process. 

In summary, these results support recent suggestions that 
sparing of function, defined in terms of some specific behav- 
ioral end-point (i.e., criterial performance) can be observed 
yet not reflect a true restoration of the behavioral functions 
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normally mediated by the damaged neural substrate(s) [16]. 
Equivalent performance may be obtained via the normal 
functions of undamaged cortical, or perhaps subcortical tis- 
sue. 
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YOBURN, B. C. AND M. GLUSMAN. Effects of chronic d-amphetamine on the maintenance and acquisition of 
schedule-induced polydipsia in rats. PHYSIOL. BEHAV. 28(5) 807-818, 1982.—The effects of chronic d-amphetamine on 
the acquisition of schedule-induced polydipsia and its maintenance by stimuli paired with food were evaluated in three 
interlocking experiments. In Experiment 1, polydipsia was induced in rats exposed to a response-independent fixed-time 
schedule in which a food pellet (US) was paired with a stimulus complex of lights and tone (CS) every 45 sec. When food 
was omitted and only the CS was presented rats drank very little water. Rats were then pretreated with | mg/kg 
d-amphetamine for 15 CS-US sessions and two or three subsequent CS-alone sessions. Animals remained polydipsic during 
CS-US sessions and drank little water during CS-alone sessions. However, d-amphetamine improved control exerted by 
the CS over drinking relative to no-drug sessions. In Experiment 2, acquisition of schedule-induced polydipsia during 10 
sessions exposure to the periodic CS-US schedule was blocked in rats pretreated with | mg/kg d-amphetamine, compared 
with rats pretreated with buffer. During subsequent CS-alone sessions the temporal control of drinking by the CS was 
greater in the rats exposed to amphetamine. In Experiment 3, the rats that had not acquired polydipsia while under 
d-amphetamine in the previous experiment, all became polydipsic when pretreated with buffer. All rats remained polydip- 
sic when re-exposed to amphetamine pretreatment. These results indicate that chronic d-amphetamine administration can 
facilitate control of licking and drinking by nonfood stimuli paired with food, and can block acquisition of schedule-induced 
polydipsia. 

Temporal control 


Schedule-induced polydipsia d-Amphetamine Conditioned stimuli 


Adjunctive behavior Drinking Rats 


FOOD-deprived rats can be induced to consume excessive unlikely [1, 2, 8]. There is little evidence of drinking follow- 


quantities of water by a variety of intermittent food 
schedules [5, 10, 12, 13, 14, 34, 38]. Within the interfood 
interval, schedule-induced drinking begins soon after deliv- 
ery of food and the probability of drinking decreases as a 
function of time since a food delivery [9, 17, 22, 45]. Al- 
though there are exceptions to the postfood pattern of drink- 
ing [1, 15, 16, 18], water intake is maximal when drinking 
begins soon after food presentation. The typical concentra- 
tion of drinking following food delivery superficially resem- 
bles a Pavlovian unconditioned stimulus-unconditioned re- 
sponse (US-UR) relationship. However, polydipsia differs 
from traditional unconditioned responses in its delayed de- 
velopment in response to intermittent food [33] and the re- 
stricted context of effective interfood intervals that will sup- 
port polydipsia [10, 11, 14, 34, 42]. Nevertheless, the 
possibility that a stimulus paired with food would maintain 
schedule-induced polydipsia has been examined by several 
studies [2, 3, 22, 30, 31, 32, 35]. Although monkeys do drink 
following stimuli paired with food [32], very few rats exhibit 
drinking following conditioned stimulus (CS) presentations 
[35]. Other experiments have attempted to induce drinking 
by stimuli that are unpaired with food and signal that food is 


ing these stimuli, and, in general, rats lick much less follow- 
ing these stimuli than following food. 

These experiments suggest that polydipsia in rats is a 
foodbound behavior [30] and that food delivery and ingestion 
are necessary for polydipsia to occur [22]. However, the 
failure, to date, to observe substantial drinking following CS 
presentations may be due to the use of ineffective stimuli 
rather than polydipsia being refractory to conditioning pro- 
cedures. One line of research suggests that the effectiveness 
of stimuli paired with food to generate polydipsia might be 
enhanced by exposing rats to the pairing operation while 
drugged. These studies have shown that amphetamine and 
several other types of drugs can substantially facilitate ac- 
quisition of a visual discrimination as well as other behav- 
ioral tasks [19, 21, 25]. In some cases, discrimination tasks 
that use drug states as discriminative stimuli are acquired 
more rapidly than tasks using exteroceptive stimuli [26, 27, 
36]. Furthermore, many drugs can function as CSs [7]. These 
data suggest that the chances of a CS being followed by 
polydipsic drinking may be optimized if rats are pretreated 
with d-amphetamine prior to the pairing operation and test- 
ing. The following experiments examined this possibility by 
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investigating the effects of chronic d-amphetamine treatment 
on schedule-induced polydipsia and on the polydipsic prop- 
erties of stimuli paired with food. 


EXPERIMENT | 


METHOD 
Subjects 


Six male, experimentally-naive Long-Evans rats between 
3 and 5 months of age at the start of the experiment were 
maintained at 80% (+20 g) of their free-feeding weight. Rats 
were housed individually in clear plastic cages with free ac- 
cess to water throughout the experiment. 


Apparatus 


A standard rodent operant conditioning chamber (LVE 
Model 143-20) was enclosed in a sound attenuating shell 
(LVE 132-02). On the center of the intelligence panel of the 
chamber, 1.5 cm above the grid floor, was mounted a food 
cup connected to a pellet dispenser. Three colored, jewel 
lights (white, green, red) were located 6.0 cm to the left of 
the food cup and 10.0 cm above the floor. A tone source 
(SONALERT Model SC628, 2900 Hz, 75 dB, nominal) and a 
houselight were centered on the intelligence panel 21.5 cm 
and 25.4 cm above the floor, respectively. A 0.7 1.0 cm oval 
opening was located 8.5 cm to the right of the food cup, 5.0 
cm above the grid floor. Mounted 0.4 cm behind the opening 
was the tip of a metal drinking spout attached to a 50 ml 
calibrated reservoir. A sensor (Scientific Prototype Model 
101k drinkometer) monitored contacts on the spout. A white 
noise generator and exhaust fan partially masked ex- 
traneous noise. Standard electromechanical programming 
and recording equipment were located in an adjacent room. 


Procedure 


The protocol of Experiment 1 is detailed in Table 1. A 0.3 
sec tone burst and illumination of the three jewel lights was 
designated the CS, and a 45-mg food pellet was designated 
the US. When rats were exposed to the CS-US condition, 
presentation of the CS preceded the delivery of the US into 
the food cup by approximately 0.5 sec. During the CS-US 
condition, there was a total of 50 CS-US pairings per session 
with each presentation occurring every 45 sec independently 
of the animal’s behavior (Fixed-time (FT) 45 sec schedule of 
stimulus and food delivery). During baseline sessions, 50 
food pellets in a small cup were placed in the chamber and 
drinking was measured for sessions equal in duration to 
CS-US and CS-alone (see below) sessions. No more food 
was presented nor were CSs presented during the Baseline 
session. The CS-alone condition was identical to the CS-US 
session except that the tube from the pellet dispenser to the 
food cup was disconnected (FT 45 sec schedule of stimulus 
presentation). The pellet dispenser continued to operate dur- 
ing the CS-alone condition, but the animals received no pel- 
lets. During all sessions the amount of water consumed to 
the nearest 0.25 ml was determined. During all CS-US and 
CS-alone sessions the number of licks on the drinking spout 
was recorded in 5 sec bins following a CS-US or CS-alone 
presentation. In addition, the number of interCS-US and 
interCS-alone intervals with at least one lick was determined 
for each session. 

During Phase | rats were not pretreated with any drug or 
injection. Rats that drank less than 2 ml of water during each 
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TABLE 1 


SEQUENCE OF EXPERIMENTAL CONDITIONS FOR ALL SUBJECTS 
DURING EACH PHASE OF EXPERIMENT | 





Number of 


Condition Sessions Pretreatment 





Phase | 
None 
None 
None 
None 
None 


CS-US 
Baseline 
CS-US 
CS-alone 
CS-US 

Phase 2 
3 mg/kg d-Amphetamine 
1 mg/kg d-Amphetamine 
1 mg/kg d-Amphetamine 


CS-US 
CS-US : 
CS-alone 3 (R80, R81, R82, R83) 


(R84) 


Phase 3 
CS-US 4 
CS-alone 3 (R80, R82, R83) 


2 (R81, R84) 





of the last 3 sessions of the first CS-US condition were elimi- 
nated from the balance of the experiment. In Phase 2, rats 
were injected intraperitoneally with 3 mg/kg (3 mg/ml) or | 
mg/kg (1 mg/ml) of d-amphetamine sulfate dissolved in 0.1 M 


phosphate buffer 15 min prior to the start of each session. 
Animals received no pretreatment during Phase 3. All drug 
doses are expressed as the total salt in this and following 
experiments. 


RESULTS 


Five of the six rats drank large quantities of water when 
exposed to the periodic CS-US presentations. Figure | pres- 
ents the amount of water consumed per session beginning 
with the eleventh session of the first exposure to the CS-US 
condition in Phase 1. Water intake during the drug free 
CS-US sessions in Phases | and 3 was greater than during the 
Baseline session. During Phase 2, water intake during 
CS-US sessions was completely suppressed by the 3 mg/kg 
dose of d-amphetamine except for the first session for R82. 
Pretreatment with | mg/kg of d-amphetamine resulted in re- 
sumption of drinking, although water intake during CS-US 
session was less than or equal to that during the Baseline 
session during two sessions for R80 and one session for R81 
and R84. Water intake during the final 4 CS-US sessions in 
Phase | and 2 was not significantly different for the group, 
t(4)=1.39, p>0.05, two-tail test for related measures. Elimi- 
nation of amphetamine pretreatment during Phase 3 was ac- 
companied by continued polydipsic drinking for all animals 
during CS-US sessions. Subjects drank more water during 
the final 4 CS-US sessions of Phase 3 than during Phase 2, 
t(4)=3.68, p<0.05. Water intake during the final 4 CS-US 
sessions of Phases 1 and 3 was not significantly different, 
t(4)=1.62, p>0.05. 

When food was omitted and only the CS was presented, 
the amount of water consumed was much less than during 
the preceding CS-US sessions in all three phases. Water in- 
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FIG. 1. Milliliters of water consumed per session for each subject in Experiment 1 beginning with the eleventh session of the first exposure to 
the CS-US condition in Phase 1. 
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take during CS-alone sessions did not vary systematically 
with the phase of the experiment and was comparable to 
intake during the Baseline session. 

During CS-US sessions in all three phases, animals con- 
tacted the water spout during the majority of interCS-US 
intervals, however, the percentage of interCS-alone intervals 
with at least one tube contact was substantially less. Figure 2 
presents the percentage of intervals with at least one tube 
contact during the last 3 CS-US sessions prior to CS-alone 
sessions. The percentage of intervals with a lick on the last 
CS-US day prior to the CS-alone sessions was not signifi- 
cantly different across phases, Friedman two-way analysis 
of variance, x?(2)=3.6, p>0.10. However, the percentage of 
intervals on the first session of the CS-alone condition was 
significantly different across phases, y?(2)=8.4, p<0.05. The 
percentage of CS-alone intervals with a lick was greater when 
rats were given d-amphetamine in Phase 2 as compared with 
Phases 1 and 3. 

Although there was little drinking overall during CS-alone 
sessions, temporal control of licking by the CS was enhanced 
by d-amphetamine during Phase 2. Figure 3 presents relative 
frequency distributions of licking during interCS-US and 
interCS-alone intervals for the first CS-alone session and the 
preceding CS-US session in all phases. Spearman rank order 
correlation coefficients calculated for the two functions are 
shown above each graph. In all but one case (R84) the corre- 
lation coefficient increased in a positive direction in Phase 2 
as compared to Phase | or 3. This indicates that the temporal 
control of drinking exerted by the CS was more similar to 
that exerted by the CS-US when animals were pretreated 
with d-amphetamine. The correlation coefficient calculated 
between subsequent CS-alone sessions and the preceding 
CS-US session did not systematically change with succes- 
sive CS-alone sessions. 


DISCUSSION 


The results of Phase | and 3 of this experiment are consis- 
tent with those of previous studies [1, 2, 3, 8, 22, 30, 31] that 
have shown little drinking by rats following nonfood stimuli. 
Even with extended exposure to the CS-alone condition in 
Phase 1, polydipsia never occurred in the absence of food. 
When animals were pretreated with 3 mg/kg d-amphetamine, 
drinking was suppressed completely during CS-US sessions. 
Therefore, the dose level was decreased since we assumed 
that pairing the CS and US while drinking was blocked might 
not be conducive to the control of drinking by the CS. Drink- 
ing increased during | mg/kg sessions, although it was less 
than during equivalent drug-free sessions in Phase 3. The 
attenuating effects of amphetamine on polydipsia agrees with 
previous studies that have shown that amphetamine reduces 
schedule-induced polydipsia in rats [20, 23, 37, 39, 40, 41, 43, 
44]. 

Although chronic d-amphetamine did not enhance the 
amount of water drunk during the CS-alone condition it im- 
proved the temporal control of licking by the CS. Thus, the 
efficacy of nonfood stimuli to support polydipsia is the same 
for drugged and undrugged rats, while temporal control of 
licking by a stimulus paired with food is enhanced by 
d-amphetamine. Finally, rats licked during more CS-alone 
intervals when pretreated with d-amphetamine as compared 
to drug-free sessions. This latter finding may be related to 
the activating effects of d-amphetamine, and may not repre- 
sent licking or drinking. 

The rats in this experiment had developed schedule- 
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TABLE 2 


SEQUENCE OF EXPERIMENTAL CONDITIONS FOR BOTH GROUPS 
IN EXPERIMENT 2 





Group Pretreatment 


Condition Sessions Buffer d-Amphetamine 





None 
None 
1 mg/kg 
1 mg/kg 
1 mg/kg 


None 
None 
1 mi/kg 
1 mi/kg 
1 mi/kg 


Habituation 30 min 
Baseline, 

CS-US 

CS-alone 

Baseline, 





induced polydipsia prior to testing with d-amphetamine. 
Since d-amphetamine improved the temporal control of 
drinking exerted by the CS, it seemed likely that acquisition 
of polydipsia might be accelerated by chronic 
d-amphetamine administration. Therefore, in Experiment 2, 
we evaluated the effects of d-amphetamine on acquisition of 
polydipsia. 


EXPERIMENT 2 


METHOD 
Subjects 


Ten male, experimentally-naive Long-Evans rats approx- 
imately 3 months old at the start of the experiment were 
maintained at 80% (+20 g) of their free-feeding weight. Rats 
were housed as in Experiment | with free access to water. 


Apparatus 


The apparatus was the same as in Experiment |. 


Procedure 


The details of the experimental protocol are presented in 
Table 2. The ten rats were assigned randomly to either a 
Buffer (N=5) or d-amphetamine (N=5) group. During the 
first session rats were habituated for 30 min to the test 
chamber; neither CSs nor USs were presented. Rats were 
then exposed to | Baseline, 10 CS-US, 2 CS-alone, and | 
Baseline session. All of the conditions and response meas- 
ures were identical to Experiment 1, except that only 40 
CS-US or CS-alone presentations were programmed per 
session, and 40 pellets were presented at the start of the 
Baseline sessions. CS-US or CS-alone presentations were 
made according to an FT 45-sec schedule, as in Experiment 
1. During the Baseline sessions which were equal in length to 
the CS-US and CS-alone sessions the percentage of intervals 
with at least one lick was determined in 40 successive 45-sec 
intervals. 

Neither group of rats was injected prior to the habituation 
or first Baseline (BL,) session. Beginning with the first 
CS-US session, rats were injected intraperitoneally with 1 
ml/kg of 0.1 M phosphate buffer (Buffer Group) or | mg/kg (1 
mg/ml) d-amphetamine sulfate dissolved in 0.1 M phosphate 
buffer (d-Amphetamine Group) 15 min prior to each session. 


RESULTS 


Figure 4 presents the amount of water consumed and per- 
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SESSIONS 


FIG. 2. Percent of interCS-US and interCS intervals with at least one lick. Data are shown for the last three CS-US sessions prior to the 
CS-alone condition and all of the CS-alone conditions for all three phases for all subjects in Experiment 1. 





YOBURN AND GLUSMAN 


PHASE | PHASE 2 PHASE 3 


-.033 


























Y) 
ae 
© 
—J 
= 
"i 
© 
“va 
Li 
© 
= 
= 
O 
O& 
Li 
ee 





























5 30 45 15 30 45 15 30 45 
SECONDS SINCE CS-US (°) OR CS ALONE (*) 


FIG. 3. The percent of total licks as a function of time since a CS-US or CS alone presentation for the first CS-alone session 
and the preceding CS-US session for each subject in all phases in Experiment 1. 
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SESSIONS 


FIG. 4. Milliliters of water consumed (left ordinate) and percent of intervals with at least one lick (right ordinate) for all subjects in both groups 
in Experiment 2. BL, and BL, correspond to the first and second Baseline sessions, respectively (see Table 2) 
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centage of intervals with at least one lick for all rats. There 
was no difference between the groups during the two 
Baseline sessions (BL, and BL,) either in terms of water 
consumed, 7(8)<1.95, p>0.05, two-tail test, or percentage of 
intervals with a lick, Mann-Whitney U>S5, p>0.05, two- 
tail test. There was also no difference between groups on 
these measures during the first CS-US session, (8)=1.21, 
p>0.05; U=12.5, p>0.05, two-tail tests. However, by the 
last three sessions of the CS-US condition the mean water 
intake for the Buffer Group was significantly greater than 
that for the d-Amphetamine Group, f(8)=2.40, p<0.05, two- 
tail test. The groups did not differ in terms of percentage of 
intervals with a lick, U=5, p>0.05, two-tail test. Finally, 
during the CS-alone condition, there was no difference be- 
tween the two groups in terms of amount of water consumed, 
t(8)=0.26, p>0.05, two-tail test, or intervals with a lick, 
U=5.5, p>0.05, two-tail test. 

The Buffer Group acquired polydipsia and thus they 
drank significantly more during the final CS-US session than 
during either the first or second Baseline session, t(4)=3.06, 
p<0.05 two-tail test for related measures; but there was no 
corresponding difference for the d-Amphetamine Group, 
t(4)<1.88, p>0.05. There was a marginally significant differ- 
ence in the percentage of intervals with a lick between the 
first Baseline session and the last CS-US session for both the 
Buffer Group and d-Amphetamine Group and between the 
two Baseline sessions for the d-Amphetamine Group (Walsh 
Test, p<0.065, two-tail test for related measures). 

The relative frequency distributions of licking during the 
interCS-US and interCS-alone intervals are shown in Fig. 5. 
The mean (calculated from the values shown in Fig. 5) 
Spearman rank order correlation coefficient between the 
CS-US and CS-alone functions for the Buffer and 
respectively. 


d-Amphetamine Groups were .112 and .482, 
The coefficients for the d-Amphetamine Group were greater 
than those for the Buffer Group, U=4, p<0.05, one-tail test. 
The coefficients did not change systematically for either 
group during the second CS-alone session. 


DISCUSSION 


In terms of the actual water consumed, chronic 
d-amphetamine administration blocked normal acquisition of 
schedule-induced polydipsia. However, in terms of the per- 
centage of intervals with a lick the d-Amphetamine and Buf- 
fer Groups did not differ. Thus, the two groups emitted at 
least one tube contact during a comparable percentage of 
intervals during each condition but the Buffer Group drank 
more water. Therefore, it is likely that all of the tube 
contacts for the d-Amphetamine Group did not involve lick- 
ing or drinking [24] and that some of the tube contacts reflect 
the activating effects of the drug. It should be noted that 
even though d-amphetamine blocked acquisition of polydip- 
sia, all rats in the d-Amphetamine Group concentrated their 
drinking in the postfood period. The temporal control of lick- 
ing by the CS was superior in the d-Amphetamine Group, 
although this effect was not as robust as in Experiment 1. 
The less dramatic improvement may be related to the fewer 
pairings of the CS-US under amphetamine (400) in this ex- 
periment compared with Phase 2 of Experiment 1 (750 pair- 
ings) or the fact that rats in Experiment | had acquired 
polydipsia prior to d-amphetamine treatment. 

The improved control of drinking exerted by the CS for 
the d-Amphetamine Group was directly related to the previ- 
ous pairing of the CS and US, and was not due to 
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amphetamine-induced sensitization. During the first CS-US 
session for the d-Amphetamine Group the relative frequency 
distributions of licking were virtually flat for all rats. Thus, 
even in a situation in which the likelihood of postCS licking 
was optimized because of the concurrent delivery of food, 
there was no evidence that d-amphetamine administration 
resulted in unconditioned postCS licking. 

The attenuation of schedule-induced polydipsia by 
d-amphetamine may be an irreversible phenomenon. There- 
fore, it was important to determine if the amphetamine- 
treated, non-polydipsic rats in this experiment might acquire 
polydipsia when exposed to more favorable conditions. The 
next experiment investigated whether schedule-induced 
polydipsia would develop in these rats when amphetamine 
was withdrawn and whether the polydipsic buffer-treated 
rats would be affected by amphetamine in the same manner 
as the polydipsic rats of Experiment 1. 


EXPERIMENT 3 


METHOD 
Subjects and Apparatus 


The subjects and apparatus were the same as in Experi- 
ment 2, except that R113 was not included in this experi- 
ment. 


Procedure 

Table 3 presents the experimental protocol. All rats from 
the previous Buffer and d-Amphetamine groups were treated 
identically. Baseline, CS-US, and CS-alone sessions were as 
described in Experiment 2. Rats were injected intraperitone- 
ally 15 min prior to all but the first Baseline (BL,) session. 
Injections were 1 ml/kg of 0.1 M phosphate buffer or 1 mg/kg 
(1 mg/ml) of d-amphetamine sulfate dissolved in 0.1 M phos- 
phate buffer. 


RESULTS 


The amount of water consumed and percentage of inter- 
vals with a lick over successive sessions are presented in 
Fig. 6. There were no significant differences between the two 
groups in either measure at any stage in the experiment. All 
rats in the former Buffer Group drank more water during all 
CS-US sessions than during the Baseline or CS-alone ses- 
sions. Rats in the former d-Amphetamine Group began to 
drink substantial amounts of water during CS-US sessions 
preceded by buffer injections. Pretreatment with d-am- 
phetamine suppressed drinking for R115 of the former 
Buffer Group and for R110, R112, and R114 of the former 
d-Amphetamine Group. However, excluding the first three 
sessions preceded by d-amphetamine, all animals drank 
more water during drug sessions than during either Baseline 
session. All animals in the former d-Amphetamine Group 
drank significantly more water during the final 3 CS-US ses- 
sions in this experiment than during the comparable sessions 
in Experiment 2, 1(4)=4.42, p<0.05, two-tail test for related 
measures, while there was no difference for the former Buf- 
fer Group, 1(3)=0.98, p>0.05. In addition, there was no 
difference in percentage of intervals with a lick between Ex- 
periment 2 and 3 for either Group (Walsh test, p>0.125, 
two-tail test for related measures). 

The relative temporal distributions of licks following a 
CS-US or CS-alone presentation are shown in Fig. 7. There 
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FIG. 5. The percent of total licks as a function of time since a CS-US 
or CS-alone presentation for the first CS-alone session and the pre- 
ceeding CS-US session for each subject in both groups in Experi- 
ment 2. 


were no significant differences in the Spearman correlation 
coefficient between the two groups, U=7, p>0.05, two-tail 
test. Neither were there significant differences between the 
correlation coefficients in this experiment and those in Ex- 
periment 2, for either group (Walsh test, p<0.125, two-tail 


TABLE 3 


SEQUENCE OF EXPERIMENTAL CONDITIONS FOR ALL SUBJECTS 
IN EXPERIMENT 3 





Condition Sessions Pretreatment 





None 
1 ml/kg Buffer 
1 mg/kg d-Amphetamine 
1 mg/kg d-Amphetamine 
1 mg/kg d-Amphetamine 


Baseline, 
CS-US 
CS-US 
CS-alone 
Baseline, 





test for related measures). There was no trend in the value of 
the Spearman coefficients for the second CS-alone session. 


DISCUSSION 


Although d-amphetamine blocked the acquisition of 
schedule-induced polydipsia in Experiment 2, it did not do so 
permanently. All rats from the d-Amphetamine Group of 
Experiment 2 rapidly became polydipsic in this experiment 
when buffer injections were substituted for d-amphetamine. 
When the newly polydipsic animals were re-exposed to 
d-amphetamine, polydipsia was suppressed in some cases, 
but drinking was maintained. Rats from the Buffer Group 
also continued to drink large quantities of water when ex- 
posed to d-amphetamine in this experiment. The results of 
this experiment are consistent with those of Experiment | 
which showed that once polydipsia is_ established, 
d-amphetamine may suppress drinking but it does not elimi- 
nate it. Thus, the acquisition of polydipsia is much more 
sensitive to disruption by amphetamine than is its mainte- 
nance. 

It is not clear why control of licking by the CS was not 
further improved over Experiment 2 by the additional 
CS-US pairings in this experiment. For the previous Buffer 
Group, this experiment essentially represented a systematic 
replication of Phases 1 and 2 of Experiment 1. The failure to 
find substantial improvement under amphetamine in the 
temporal control exerted by the CS may be related to the 
fewer number of pairings of the CS and US (400) following | 
mg/kg d-amphetamine pretreatment compared with rats in 
Experiment 1 (750 pairings). The prior d-Amphetamine 
Group also failed to show systematic improvement of control 
by the CS in this experiment. These results could also be due 
to an insufficient number of pairings of the CS and US 
under d-amphetamine once the rats had become polydipsic. 


GENERAL DISCUSSION 


These experiments were designed to evaluate if robust 
schedule-induced polydipsia could be observed in rats during 
presentation of stimuli associated with food. Previous at- 
tempts to induce drinking in rats following presentation of 
such stimuli [2, 3, 22, 30, 31, 35] and stimuli that signal low 
probability of food [1, 2, 8] have resulted in some licking and 
drinking, but the magnitude was minor in comparison to that 
which occurs when food is delivered. In hopes of improving 
the control of drinking by nonfood stimuli, we relied upon 
studies that showed that amphetamine and other drugs can 
enhance learning in some paradigms [19,25] and that drugs 
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FIG. 6. Milliliters of water consumed (left ordinate) and percent of intervals with at least one lick (right ordinate) for each subject (from the 
former Buffer and d-Amphetamine Groups in Experiment 2) in Experiment 3. BL, and BL, correspond to the first and second Baseline 
sessions, respectively (see Table 3). 
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FIG. 7. The percent of total licks as a function of time since a CS-US 
or CS-alone presentation for the first CS-alone session and the pre- 
ceding CS-US session for each subject (from the former Buffer and 
d-Amphetamine Groups) in Experiment 3. 
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can be highly effective discriminative stimuli [26, 27, 36] and 
CSs [7]. Although amphetamine did not increase water in- 
take following CSs, it did enhance the stimulus control of the 
small amount of licking and drinking that occurred. The im- 
proved control of licking by the CS during drug adminis- 
tration was most evident during Experiment 1 while the ef- 
fect was less robust in Experiment 2 and absent in Experi- 
ment 3. Thus these results must be viewed cautiously. 

The improved control of licking by the CS following 
d-amphetamine administration probably is not an example of 
state dependent learning [29]. State dependent learning oc- 
curs when the correct performance of a response acquired 
under a drug state shows a deficit in the absence of the drug, 
or vice versa [4,28]. Thus, following CS-US pairings under 
d-amphetamine, the CS might have failed to control licking if 
amphetamine were omitted. However, the fact that control 
by the CS during drug sessions was superior to nondrug 
sessions suggests that the results are related to facilitation of 
learning. This facilitation might be attributed to increased 
salience of the CS following d-amphetamine. 

The blockade of schedule-induced polydipsia in Experi- 
ment 2 by chronic d-amphetamine administration was an un- 
foreseen result of these experiments. None of the rats ex- 
posed to the periodic presentation of CSs and USs acquired 
robust polydipsia when pretreated with 1 mg/kg 
d-amphetamine. When these animals were pretreated with 
buffer in Experiment 3, polydipsia was rapidly established. 
Polydipsia was maintained when these rats, and the former 
Buffer Group of Experiment 2, were exposed to 
d-amphetamine pretreatment. In short, acquisition of 
polydipsia is blocked by d-amphetamine but maintenance is 
relatively unaffected. It is not known at present if the block- 
ade of schedule-induced polydipsia is limited to sym- 
pathomimetic drugs like d-amphetamine. It is possible that 
drugs such as atropine [6], pentobarbital [40] and chlor- 
promazine [20] which attenuate polydipsia would also block 
acquisition. 

Taken together the combined results of these experiments 
indicate that d-amphetamine can have paradoxical effects on 
drinking. d-Amphetamine can enhance the temporal control 
of licking by stimuli paired with food while at the same time 
it can interfere with the acquisition of schedule-induced 
drinking. These effects need to be evaluated using schedules 
in which drinking and other behavior (e.g., operant) are 
measured concurrently so that drug effects can be examined 
independently of effects on drinking. 
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HIRSCH, E.,C. DUBOSE AND H. L. JACOBS. Overeating, dietary selection patterns and sucrose intake in growing rats 
PHYSIOL. BEHAV. 28(5) 819-828, 1982.—Weanling rats were allowed access to food for either 5 hours or 24 hours per 
day. Within each food availability condition one group had access to a complete diet and one group had access to the 
complete diet and a 32% solution of sucrose. Caloric intake and rates of growth were considerably higher in the 24 hour 
access groups. The availability of sucrose led to a small (10-15%) but consistent elevation in caloric intake in the ad lib 
condition but did not influence growth in either food availability condition. Absolute levels of sucrose intake and the 
proportion of calories taken from the sucrose solution were consistently higher in the ad lib group and increased with 
increases in body size for both groups. Dilution of the chow component or the sucrose component of the diet did not alter 
dietary selection patterns in either food availability condition. It appears that access to a palatable carbohydrate solution 
can lead to overeating in the rat but these solutions do not induce the rat to select imbalanced diets that compromise 


growth. 


Caloric intake Dietary selection Overeating 


THE role of the sensory properties of food on energy intake 
and dietary selection patterns remains problematic. 
Adolph’s [1] classic experiments clearly argued for the pri- 
macy of caloric factors in the control of energy intake. This 
view has been supported by experiments that either 
minimize orosensory stimulation [31, 44, 46] or find that the 
daily level of energy intake is largely unaffected by changes 
in the smell, taste, or texture of the available food source [7, 
13, 18, 27, 42]. This body of work has led to widespread 
acceptance of the assertion that rats normally eat for calories 
and that the sensory properties of food have only a minor 
influence on the daily level of intake. Richter [33] has taken 
this position to its extreme in stating that ‘‘It is almost im- 
possible to force a normal rat to eat more than its fixed limit 
of calories’’ (p. 396). 

In a similar manner the ability of rats to self select an 
optimal diet from a variety of food sources has largely been 
attributed to the nutritional consequences of ingestion de- 
spite the fact that the underlying mechanism for this process 
remains unspecified [2, 22, 32]. When sensory factors are 
considered in relation to dietary self selection they are usu- 
ally invoked to explain failures of regulation when poor tast- 
ing protein sources are employed [22]. A potentially impor- 
tant role for sensory factors, as conditioned stimuli that 
mediate self selction, has been suggested but remains largely 
unexplored [37,38]. 

In contrast to a view which emphasizes the over-riding 





Growth 


Sucrose intake 


roles of caloric control and dietary balance as determinants 
of feeding behavior there is a growing body of evidence 
which shows that changes in the nutritional and sensory 
properties of the available diet can lead to overeating and 
obesity in laboratory animals. There are at least three types 
of dietary regimens that produce these effects. Ingle [16] first 
reported that obesity could be produced in rats by restraining 
their movement and offering them a calorically dense, ap- 
petizing diet. Subsequently many investigators have shown 
that high fat diets, without activity restriction, lead to over- 
eating and obesity in rats [3, 23, 26, 39] and mice [10,11]. A 
second type of dietary procedure which leads to obesity was 
first reported by Sclafani and Springer [41]. When rats are 
allowed access to a complete diet and a supermarket array of 
palatable foods, overeating, rapid weight gain and excess fat 
deposition are observed [34, 35, 36, 41]. The third type of 
dietary regimen that leads to obesity in rats provides the 
experimental animals with a nutritionally complete diet and a 
separate carbohydrate source. Solutions of sucrose [9, 19, 
28], as well as granular sucrose [21], are effective in promot- 
ing excess energy intake under these conditions. These ob- 
servations make it abundantly clear that the nature of the 
available diet can lead the rat to ingest excess calories. How- 
ever, the features of these diets that promote excess intake 
remain to be specified in an adequate manner. 

Of the three dietary regimens that have been employed to 
produce overeating and obesity the procedure that appears 


‘In conducting the research described in this report, the investigators adhered to the ‘‘Guide for Laboratory Animal Facilities and Care’’ as 
promulgated by the Committee on the Guide for Laboratory Animal Resources, National Academy of Sciences-National Research Council. 
2This research was conducted at the U. S. Army Natick Laboratories while E. Hirsch was supported by a National Academy of Sciences- 


National Research Council post-doctoral fellowship. 





820 


to hold the most promise as an analytic tool for identifying 
the factors that induce hyperphagia in these otherwise nor- 
mal animals involves offering a nutritionally complete diet 
and a separate carbohydrate source. In contrast to both the 
supermarket diet and the high fat diet this form of high 
carbohydrate diet allows specification of the sensory and 
nutritional properties of the diet and their independent ma- 
nipulation. 

In an attempt to specify the determinants of carbo- 
hydrate-induced overeating the present experiment 
examines the influence of deprivation and nutrient dilution 
on caloric intake and dietary selection when growing rats are 
given access to either a complete diet (Purina chow) or the 
complete diet and a sapid carbohydrate solution (32% su- 
crose). Two groups of growing rats had ad lib access to one 
of these diets and a second two groups had access to one of 
these diets for only five hours per day. 

Interest in the growing rat in this experiment stems from 
two sources. With a complete diet and a sucrose solution 
freely available young rats overeat, deposit excess fat, but 
do not gain weight faster than chow fed controls [20,28]. The 
growth curves presented by Muto and Miyahara [28] suggest 
that the sucrose fed animals were beginning to gain weight 
faster than the controls at about 70 days of age. One purpose 
of the present experiment is to extend the period of observa- 
tion in order to define the age where excess caloric intake 
leads to an elevation in body weight. A second reason for 
studying the growing rat concerns the well documented de- 
cline in the rat’s protein requirement with age [14,24]. By 
monitoring changes in dietary selection with age it is possible 
to test the hypothesis that the intake of sweet carbohydrate 
solutions is controlled on a long-term basis by the animal’s 
total nutritive requirements [6,8]. This view leads to the 
prediction that relative sucrose intake (proportion of calories 
taken from sucrose) will increase with age. 

The five-hour restriction on food availability was intro- 
duced to make the testing conditions more demanding and to 
examine the effects of food deprivation on intake and prefer- 
ence for the two dietary components. Both intake and pref- 
erence for sweet solutions are markedly increased by food 
deprivation [6, 18, 47]. The question of interest in the present 
experiment is whether the effects of deprivation are suffi- 
ciently powerful to induce these animals to consume too 
much of the sweet solution at the expense of the essential 
nutrients (protein, vitamins and minerals) contained in the 
complete diet. With access to a low protein diet (9%) and a 
sugar solution, growing rats show poor selection and growth 
is impeded relative to a control group fed only the low 
protein diet [28]. On the basis of this observation one would 
predict poor selection and growth in the sucrose group re- 
stricted to five hours of access to food per day. Alternatively 
a view of sucrose intake which emphasizes the controlling 
nature of the animal’s total nutritive requirements would 
predict similar growth in both restricted groups [7,8]. A 
further test of this hypothesis is provided in the present ex- 
periment by examining the effect of diluting both sources on 
caloric intake and dietary selection. In the last phase of this 
experiment the restriction on food availability was removed 
to determine how a prolonged period of restricted intake and 
slower growth would influence intake and recovery growth. 


METHOD 


Animals 


Twenty eight, male, Sprague-Dawley (Madison, WI) rats 
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were used. The animals were 21 days of age at the beginning 
of testing. They were assigned to one of four groups that 
were matched on the basis of body weight. 


Apparatus 


The animals were housed individually in wire mesh cages 
(25x18x18 cm, Wahmann Manufacturing Co., Baltimore, 
MD) in a room that was on a 12:12, light-dark cycle with the 
lights coming on at 0800 hours. Purina chow (3.61 Kcal/g) was 
available in 5 cm diameter cups with lids that had 4.45 cm 
diameter openings in the center. The cups were held in place 
in the rear corner of the cage with an upright bolt. Food 
spillage was negligible under these conditions. Water was 
continuously available in 100 ml calibrated bottles. Sucrose 
was available in 250 ml calibrated bottles. The bottles were 
mounted on the front of the cages with the drinking spouts 
approximately 2 cm above the floor and 3 cm apart. The 
positions of the sucrose and the water bottles were alter- 
nated daily. The sucrose solution was prepared from com- 
mercial sugar and tap water 24 hours prior to use on a weight 
per volume basis. 


Procedure 


The experiment was conducted in four phases. During 
phase 1, two groups had 24 hours access to food and water. 
The other two groups had five hours of access to food and 
the sucrose solution, and 24 hours of access to water. Within 
each food availability condition (5 hr or 24 hr) one group was 
offered Purina chow (P) and the second group was offered 
Purina chow and a 32% sucrose solution (PS). The five hour 
period of food availability began at 0800. Measurements of 
food intake, water intake and body weight were taken daily. 
Phase | lasted 44 days. 

During the first five days of phase 2 the Purina chow was 
diluted 25% by the addition of kaolin. This was followed by a 
six day period of access to the unadulterated chow before 
phase 3 was initiated. Throughout phase 2 the 32% sucrose 
solution remained available for groups 5PS and 24PS. During 
phase 3 the sucrose solution was diluted 50% by the addition 
of water for these two groups. The resulting 16% sucrose 
solution was available for the first six days of phase 3. This 
was followed by a five day period of access to the 32% solu- 
tion before phase 4 was initiated. During phase 4 the two 
five-hour groups were allowed 24 hours access to Purina 
chow or to Purina chow and sucrose for an additional 24 
days. 


Data Analysis 


The data from phases | and 4 were analyzed by a three 
way analysis of variance with access time (5 hr or 24 hr) and 
diet (P or PS) as between groups factors and days as a re- 
peated measures factor. The data from phase 2 were also 
analyzed by a three way analysis of variance with access 
time and diet as between groups factors and dilution (diluted 
or undiluted chow) as a within group factor. The data for the 
two dilution conditions were collapsed across days. The data 
for phase 3 were analyzed with a two way analysis of vari- 
ance with access time as a between groups factor and con- 
centration (16% or 32%) as a within groups factor. The data 
for each concentration were collapsed across days. All 
differences discussed are significant at least at the 5% level. 
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FIG. 1. Mean body weight in rats fed a complete diet or a complete diet plus a 32% sucrose solution for 5 hours or 24 hours each day. 


RESULTS 


Figure | shows that access time had a pronounced effect 
on body weight and the rate of weight gain. Throughout the 
first three phases of this experiment the animals with ad lib 
access to food weighed more and gained weight faster than 
the 5 hr groups. Access to sucrose did not have any effect on 
body weight in either food availability condition, although in 
the last phase of the experiment the groups with ad lib access 
to sucrose and chow appeared to gain weight faster than the 
two chow only groups. This apparent difference in the rate of 
weight gain during phase 4 was not statistically significant. 
Similarly the small difference in body weight (34 g) on the 
final day of the experiment between groups 24PS and 24P 
was not statistically significant. During phase 4, when the 5 
hr groups were allowed unrestricted access to food, both 
formerly restricted groups showed an immediate spurt in 
growth. On the first day of ad lib access to food both groups 
gained 30 g. During the remainder of phase 4 these two 
groups continued to gain weight at a faster rate than the two 
groups that had been allowed ad lib access to food through- 
out the experiment. Figure | also suggests that these groups 
would have attained the control level of body weight if this 
phase of the experiment had lasted longer. 

Total caloric intake is shown in Fig. 2. During phase | 
caloric intake was substantially higher in the 24 hr access 
condition. The availability of sucrose led to a small (10-15%) 
but highly significant elevation in daily caloric intake in the 


ad lib condition. Access to sucrose did not have any effect on 
daily caloric intake in the 5 hr condition. Under both condi- 
tions of food availability caloric intake increased as growth 
progressed. The increase in caloric intake with changes in 
body size showed a somewhat different pattern in the two 
conditions of food availability. The ad lib groups showed a 
sharper initial rate of increase that asymptoted after approx- 
imately 25 days, at around 100 kcal per day. The restricted 
animals showed a much more gradual pattern of increase that 
lasted throughout phase 1. 

During phase 2, kaolin dilution led to a small but signifi- 
cant decrease in caloric intake for all groups. The average 
caloric intake during each part of phase 2 is shown in Table 
1. The animals with ad lib access to food showed a more 
complete compensatory response to the kaolin dilution than 
the 5 hr animals. During the period of kaolin dilution the ad 
lib animals showed a 6% reduction in daily caloric intake 
whereas the 5 hr animals showed an 18.5% decrease. The 
availability of sucrose did not influence caloric adjustment 
when the chow component of the diet was diluted. 

During phase 3 there was no change in caloric intake 
when the sucrose solution was diluted 50%. There was a 
tendency for both groups to consume a few more calories per 
day when the 32% solution was offered, but this effect was 
not statistically significant. 

During phase 4 the formerly restricted groups showed a 
large increase in caloric intake. This increase was more 
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FIG. 2. Mean daily caloric intake in rats fed a complete diet or a complete diet plus a 32% sucrose solution for 5 hours or 24 hours each day. 





pronounced and lasted longer for the group with access to 

TABLE | sucrose. However, within ten days both groups showed 

CALORIC INTAKE DURING DIET DILUTION levels of daily caloric intakes that were indistinguishable 
from the groups that had been allowed ad lib access to food 
Kaolin Dilution No Dilution throughout the experiment. During phase 4 both sucrose 
Caloric Intake — Caloric Intake % of groups had significantly higher levels of caloric intake than 

(kcal +S.D.) (kcal +S.D.) Undiluted Intake both chow groups. 

Figure 3 shows chow intake during the course of the ex- 
84.9 periment. During phase | the effects of access time and diet 
79.7 were highly significant and these variables interacted with 
92.3 each other as well as with days. The three way interaction 
94.2 between access time, diet and days was also highly signifi- 
cant. This pattern of results can be interpreted in the follow- 
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FIG. 3. Mean daily chow intake in rats fed a complete diet or a complete diet and a 32% sucrose solution for 5 hours or 24 hours each day. 


ing manner. The 24 hour access groups consumed more 
chow than the 5 hour groups and the sucrose groups con- 
sumed less chow than the chow only groups. Chow intake 
increased over time for all groups except 24PS. In this group 
chow intake only increased for the first 20 days of phase | 
and then declined to the level of group 5 PS for the remainder 
of phase 1. 

During phase 2 group 24P was the only group to show a 
significant increase in chow intake when this part of the diet 
was diluted with kaolin. Changing the concentration of su- 
crose from 32% to 16% did not influence chow intake for the 
two sucrose groups during phase 3. 

During phase 4, when the restriction on food availability 
was removed, there was a substantial initial increase in chow 
intake. Chow intake declined within one day to the level of 
the appropriate control group for the group with access to 
sucrose. The decline to the control level of chow intake was 
considerably slower for the chow only group and took ap- 
proximately eight days. 


Figure 4 shows daily sucrose intake during the four 
phases of the experiment. During phase | the ad lib group 
consumed more sucrose than the restricted group. Both 
groups showed an increase in the absolute level of sucrose 
intake over time but the ad lib group showed a faster rate of 
increase. During phase 2, when the chow component of the 
diet was diluted, there was no change in sucrose intake for 
either group. When a 16% sucrose solution was substituted 
for the 32% solution both groups showed a prompt increase 
in consumption. In both cases this increase was not quite 
large enough to completely compensate for the dilution. As a 
result of this incomplete adjustment there was a 10 kcal de- 
crease in the number of calories obtained from the carbo- 
hydrate solution. During phase 4 the formerly restricted 
animals showed a large increase in daily sucrose intake. For 
the first several days of phase 4 sucrose intake was higher in 
the formerly restricted animals but this value fell quickly to 
the control level. 

Figure 5 examines relative sucrose intake by comparing 
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FIG. 4. Mean daily sucrose intake in rats offered a complete diet and a 32% sucrose solution for 5 hours or 24 hours each day. 


the proportion of daily calories that were taken from the 
sucrose solutions in the two access conditions. This value 
was significantly higher in the ad lib group during phase 1. 
The proportion of calories taken from sucrose also increased 
from approximately 0.35 to 0.60 in this group during the first 
phase of this experiment. This value remained relatively 
constant at 0.40 for the 5 hr group. During phase 2, when the 
chow component was diluted, there was a small (8%) but 
Statistically significant increase in relative sucrose intake. 
This increase was more pronounced in the restricted group. 
During phase 3 this proportion was lower when the 16% solu- 
tion was offered. The lower value was largely due to the 
sharp decrease shown by the 5 hr group when the 16% solu- 
tion was available. When the restriction on food availability 
was removed for the 5 hr group the proportion of calories 
taken from sucrose increased to the control level within one 
day. 

One other feature of this figure stands out. The proportion 
of calories taken from sucrose shows a regular increase with 
age and changes in body size. The weanling takes about 35% 
of his daily calories from the sucrose solution whereas the 
110 day old rat consumes almost 70% of his daily calories 
from the sapid solution. 

Figure 6 emphasizes this point by plotting per cent protein 
intake over the course of the experiment. The analyses of 


these data are not discussed because they are the inverse of 
the relative sucrose intake data. This figure clearly shows 
that weanling rats select about 15% of their diet as protein 
and this value decreases to about 8% at 110 days of age. This 
figure also shows that after approximately day 20 of phase | 
the restricted animals consume a higher fraction of their diet 
as protein than the ad lib animals. When food is provided ad 
lib these animals decrease their relative protein consumption 
to the control level. It should be noted that Fig. 6 shows per 
cent protein intake but functions of the same form would be 
obtained if fat or any of the vitamins or minerals present in 
the Purina chow were plotted. 


DISCUSSION 


The results of the present experiment reveal that access 
to a palatable carbohydrate solution can induce overeating in 
growing rats, but the rat’s avidity. for sucrose solutions does 
not lead to a pattern of dietary selection that compromises 
growth. Optimal selection and growth also occurred under 
deprivation conditions which would be expected to accen- 
tuate the rat’s preference for carbohydrate solutions. 

The overeating that was observed in the ad lib fed animals 
with access to sucrose is consistent with a number of other 
experiments conducted under similar conditions with both 





OVEREATING, DIET SELECTION AND SUCROSE 


o—o CHOW -SUCROSE 5 HR 


PROPORTION OF CALORIES FROM SUCROSE 





o—e CHOW -SUCROSE AD LIB 


25% 16% 


KAOLIN SUCROSE 





50 


DAY 


FIG. 5. Mean proportion of total caloric intake consumed from the sucrose solution in rats offered a complete diet and a 32% sucrose solution 


for 5 hours or 24 hours each day. 


young rapidly growing rats [20,28] and adults [5, 9, 19, 21]. 
There are, however, several experiments which were con- 
ducted under very similar conditions that fail to find this 
small increase in daily energy intake when rats are offered a 
complete diet and a sapid, caloric solution [4, 7, 15, 17]. Part 
of this discrepancy may relate to relatively short periods of 
testing and the failure to include a chow fed control group in 
some of these experiments. Under these latter conditions the 
small but consistent elevation in caloric intake that was ob- 
served in the present experiment might be obscured. These 
considerations aside, there is at least one experiment that 
met these conditions and still failed to find overeating in rats 
offered a complete diet and a sucrose solution [15]. There are 
no obvious procedural or methodological differences to ex- 
plain this discrepancy and at the moment these differential 
outcomes remain puzzling. 

The present experiment also replicated the observation 
that young, rapidly growing rats with access to sucrose and a 
complete diet overeat but do not gain excess weight relative 
to a control group fed only the complete diet [20,28]. This 
uncoupling between excess caloric intake and body weight 
gain does not occur in the adult rat. When adult rats are 
offered a complete diet and a carbohydrate solution there is a 
discernible increase in body weight [5, 9, 19] that is accom- 
panied by an increase in body fat content ([9], Hirsch and 
Powley, unpublished observations) and a proliferation of 
new fat cells [9]. The young rapidly growing rat with access 


to sucrose also deposits excess fat and the Lee Index of 
obesity is elevated in these animals after only 25 days on the 
sucrose diet [20]. In the absence of a complete metabolic 
balance study on these animals it is reasonable to assume 
that the extra calories ingested are deposited as fat. The 
question of course remains as to why body weight is elevated 
in the adult rat offered this diet but not in the young, rapidly 
growing animal. One approach to this issue entails identify- 
ing when this transition occurs in order to isolate the under- 
lying factors. 

The present experiment was not completely successful in 
specifying the age at which excess caloric intake leads to an 
increase in body weight. At around 70 days of age the growth 
curves of the two ad lib fed groups began to separate but the 
magnitude of this effect was not large enough to produce a 
statistically reliable change in the rate of growth during the 
remaining 40 days of the experiment or in the final body 
weights of these two groups at 110 days of age. This pattern 
is strikingly similar to the growth curves presented by Muto 
and Miyahara [28] for animals fed either an 18% protein diet 
or an 18% protein diet and a 40% sucrose solution. 

The age difference in the body weight response to excess 
caloric consumption assumes greater significance when it is 
appreciated that there is a striking human parallel to this 
situation. Although information on the incidence of human 
obesity is sketchy, somewhat inconsistent and difficult to 
compare across studies because of different definitions and 
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FIG. 6. Mean per cent protein intake in rats offered a complete diet and a 32% sucrose solution for 5 hours or 24 hours each day. 


measures, the data that is available clearly reveals a trend 
towards an increase in the incidence of obesity with age. In 
children body weight exceeds the value expected from length 
in a surprising number of cases and values ranging from 
16-35% have been reported for the incidence of childhood 
obesity [30,48]. During puberty the prevalence of obesity has 
been estimated at 10-15% of the population. In adults the age 
related trend becomes much clearer. Stunkard [45] has noted 
that between the ages of 20 and 50 the number of overweight 
individuals more than doubles. This tendency towards in- 
creasing weight with age is also apparent in the Metropolitan 
Life Insurance tables for both men and women [25]. Shank 
[43] has pointed out that increases in per cent body fat with 
age are even more pronounced than these weight changes. 
The apparent age dependence of weight increases in animal 
studies of carbohydrate-induced would seem to mirror these 
human trends and this procedure may provide a model for 
the experimental study of adult-onset obesity. 

The pattern of results observed in the present experiment 
provides additional support for the view that the long term 
mechanisms which govern dietary selection also modulate 
the relative intakes of a complete diet and a sweet carbo- 
hydrate solution [7,8]. Weanling rats took approximately 
35% of their daily energy intake as sucrose whereas adult 
rats took approximately 70% of their daily energy intake as 
sucrose. This change in relative sucrose intake with age is 


entirely consistent with the well documented decline in the 
rat’s protein requirement with age [14,24]. 

Relative sucrose intake was not solely dependent on age. 
The food restricted animals, who were smaller than the ad lib 
animals, showed a lower level of relative sucrose consump- 
tion. Sucrose and chow intakes appeared to be adjusted to 
meet the higher protein needs of these smaller animals. It 
should also be noted that this optimal pattern of selection 
occurred despite the fact that food deprivation would be ex- 
pected to increase sucrose consumption in the restricted 
animals [6, 18, 47]. In one hour sessions this pattern of 
selection breaks down completely. When rats are offered a 
complete diet and a dilute sucrose solution [12,29] or glucose 
solution [40], the carbohydrate solution is consumed prefer- 
entially and the low caloric intakes that result lead to exces- 
sive weight loss and death. The one hour test session is 
obviously a demanding situation and may define the tem- 
poral boundaries of adequate selection with dilute solutions. 
Muto and Miyahara [28] have also observed poor selection 
when a low protein diet (9%) and a 40% sucrose solution 
were available to young growing rats. 

The changes in food and solution intake that were ob- 
served during chow dilution and sucrose dilution are also 
consistent with a framework that emphasizes the controlling 
nature of the total nutritive economy of the animal. When the 
chow component of the diet was diluted complete caloric 
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compensation was not observed in any of the four groups. 
Despite the small reduction in total caloric intake the sucrose 
groups did not compromise dietary balance by consuming 
more of the carbohydrate solution. Under this condition 
neither caloric intake or dietary balance were perfrectly de- 
fended but the changes in intake were not large enough to 
produce observable effects on body weight during this short 
period. When the sucrose solution was diluted both groups 
showed a large increase in volume consumed. This increase 
was not quite sufficient to maintain relative sucrose intake at 
the level observed with the 32% solution. 

The importance of dietary balance was also evident dur- 
ing the last phase of the experiment when the restricted 
groups were allowed free access to food. Both groups over- 
ate initially but within several days the sucrose group 
showed absolute and relative sucrose intakes that were in- 
distinguishable from the group that had been raised with free 
access to chow and sucrose. 

The preceding analysis is predicated on the assumption 
that the complete diet contains levels of the essential nutri- 
ents that are above the animal’s minimal daily requirement. 
We have previously argued that this is the case for protein 
[8]. If the adequacy of the diet is judged by its ability to 
support optimal growth, it also appears that the other essen- 
tial nutrients are available in surplus quantities in Purina 
chow. In both food availability conditions the animals with 
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access to sucrose grew at precisely the same rate as the 
animals fed only Purina chow, although they ate consid- 
erably less of the chow and its associated nutrients. This line 
of reasoning suggests that the procedure used in the present 
experiment, or minor modifications of it, can be used to 
determine minimal daily requirements of the essential nutri- 
ents. At present these determinations are established in 
laborious balance experiments. According to this analysis 
the intake of a sweet carbohydrate solution should be a di- 
rect function of the level of the most limiting essential nutri- 
ent. In this regard it is interesting to note that the changes in 
sucrose intake with age in the present experiment appeared 
to be controlled by the growing animal's changing protein 
needs. The actual levels of protein intake that were observed 
are entirely commensurate with values obtained in balance 
experiments. 

In summary the present data reveal that palatable carbo- 
hydrate solutions can lead to a small daily elevation in total 
caloric intake but they do not induce the rat to choose an 
unbalanced diet when a nutritionally adequate diet and a 
sweet solution are available for at least five hours. It appears 
that dietary balance has a higher priority than caloric con- 
stancy in the complex hierarchy of regulation and control in 
the feeding economy of the rate under the relatively permis- 
sive environmental conditions tested in this experiment. 
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IWASAKI, K. AND SATO M. Taste preferences for amino acids in the house musk shrew, Suncus murinus. PHYSIOI 
BEHAV. 28(5) 829-833, 1982.—Taste preferences in house musk shrews for amino acids as well as NaCl, sucrose, quinine 
hydrochloride, HCI and saccharin Na were studied by employing the two-bottle preference technique. Shrews showed a 
preference for 0.2-0.5 M sucrose but a moderate rejection to NaCl and a strong rejection to quinine, HCI and saccharin 
They exhibited a marked preference for many naturally occurring L-a-amino acids with aliphatic side chains at both 0.02 
and 0.2 M. Increase in the aliphatic side chain length of DL-a-amino acids resulted in both lowering of the preference 
threshold and increase in the preference magnitude. Amino acids with side chains containing sulfur atoms, basic groups and 
Phe at 0.02 M were preferred to water, but Cys and Arg at 0.2 M was rejected. Shrews showed neither preference nor 
rejection to Trp, Asn, Gln and monosodium glutamate at 0.02 M, but rejected strongly Asp and Glu. D-Met from 0.001 to 
0.1 M was preferred as well as L-Met, while D-Phe was more preferred than L-Phe. Such preferences for a wide variety of 
amino acids in shrews could be attributed to their food habit of predating on various kinds of insects and worms 


House musk shrew Suncus murinus 


BEHAVIORAL and electrophysiological studies have 
shown that there exist marked species differences in taste 
among mammals [3, 4, 5, 7, 8]. However, these studies have 
mostly been concerned with those on rodents, carnivores 
and primates, but little information is available to taste pref- 
erence and gustatory sensitivity in insectivores. 

It is known that insectivores capture and eat a wide vari- 
ety of insects and worms, and a study of feeding of the Indian 
musk shrew indicates that they exhibit a definite preference 
for protein rich materials [1]. It is, therefore, expected that 
insectivores should possess preferences for amino acids, and 
they seem to be a good model for studying taste preference 
and sensitivity to amino acids. It is also interesting to know 
what kind of similarity or difference in taste preference 
exists between insectivores and other mammals. 

In the present study preferences in house musk shrews in 
Japan (Suncus murinus) for chemicals including sucrose, 
NaCl, HCl, quinine hydrochloride and saccharin Na as well 
as various kinds of amino acids were investigated by employ- 
ing the two-bottle preference technique [16,17]. The results 
show that shrews reveal preferences for the four basic taste 
stimuli quite different from those in rodents but similar to 
those in dogs and squirrel monkeys, and that shrews possess 
marked preferences for a wide variety of amino acids com- 
pared with those in other mammals. 





laste preference 


Preference for amino acids 


METHOD 


Animals and Apparatus 


Preference testing was carried out on 20 adult house musk 
shrews (Suncus murinus) of both sexes and weighing 55-65 
g. All the shrews were kindly supplied by Prof. K. Kondo 
(Nagoya University, Faculty of Agriculture) and Dr. S. Oda 
(Nagoya University, Institute of Environmental Medicine), 
who bred shrews in their laboratory. 

Shrews were housed individually in polycarbonate rat 
cages (32x21x14 cm), in which a wooden box (11x11 x8.5 
cm) was provided for their bedding. The wooden box had 
two windows of 6x3 cm at both sides, so that an animal 
could pass through it for obtaining food and water inside the 
cage. Shrews were maintained before and throughout the 
testing on both cat chows (Oriental CK and CS) and dog 
chows (Oriental DS), to which were added pieces of boiled 
egg yolks supplementarily. Water and the food were availa- 
ble ad lib. Room temperature ranged from around 21° to 
24°C. All the shrews had been acclimated to these conditions 
for more than a week before preference testing. 


Preference e Test 


For preference testing two polyethylene drinking tubes of 
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100 ml were mounted at one end of the polycarbonate cage. 
One contained deionized water while the other a test solu- 
tion. Position of drinking tubes was changed after 24 hr, and 
fluid consumption during 48 hr was measured. The total fluid 
intake of a shrew was on the average 10-12 ml per day and 
relatively constant. 

The results were expressed by the ratio, test solution in- 
take x 100/total fluid intake. 

The preference testing was carried out on four groups of 
shrews. The first group consisted of 6 shrews and was tested 
with NaCl, sucrose, quinine hydrochloride, HCI and sac- 
charin Na. During the test one shrew died, but others re- 
mained healthy. The second group consisted of 5 shrews and 
was tested with various kinds of amino acids at concentra- 
tions of 0.02 and 0.2 M and with L- and D-methionine of 
varying concentrations. One shrew died during the test. The 
third group consisted of 5 shrews, and was tested with sev- 
eral kinds of DL-a-amino acids and w-amino acids of varying 
concentrations. The fourth group consisted of 4 shrews and 
was tested with D- and L-Phe of varying concentrations. 


Test Solutions 


All chemicals were of reagent grade and obtained com- 
mercially. They were dissolved in deionized water. Amino 
acids used for the testing were glycine (Gly), L-alanine (Ala), 
L-valine (Val), L-leucine (Leu), L-isoleucine (Ile), L-proline 
(Pro), L-serine (Ser), L-threonine (Thr), D- and L- 
phenylalanine (Phe), L-tryptophan (Trp), L-cysteine (Cys), 
D- and L-methionine (Met), L-arginine (Arg), L-histidine 
(His), L-lysine (Lys), L-asparagine (Asn), L-glutamine 
(Gln), L-aspartic acid (Asp), L-glutamic acid (Glu), 
monosodium L-glutamate (L-MSG), and DL-forms of Ala, 
a-aminobutyric acid (Abu), norvaline (Nva), norleucine 
(Nle), Val and Leu. In addition, B-alanine, y-aminobutyric 
acid and e-aminocaproic acid (Aca) were used for the exper- 
iment. 


RESULTS 
Preference for Chemicals Eliciting the Four Basic Tastes 


The preference ratios for NaCl, sucrose, HCl, quinine 
and saccharin Na obtained from a group of 5—6 shrews, are 
shown in Fig. 1. In this figure the amount of NaCl or sucrose 
ingested is nearly equal to that of water below 0.1 M. AI- 
though a small preference for NaCl can be seen at 0.01 M, 
this is not statistically significant. Rejection of NaCl was 
observed above 0.2 M. On the other hand, sucrose above 0.2 
M and up to 0.5 M was significantly preferred to water, the 
maximum preference being shown at 0.3 M. 

Both HCl and quinine were rejected by shrews above 0.01 
M and 3x 10-° M, respectively, indicating that taste sensitiv- 
ity to bitter-tasting compounds is high in shrews (Fig. 1). 
Saccharin Na was also rejected at 10-° M, but the preference 
ratio is not monotonously decreased with increasing concen- 
tration. This is due to a wide variation in saccharin prefer- 
ence among individual animals. 


Preference for Varying Kinds of L-a-Amino Acids 


In order to see first what kind of amino acids are preferred 
by shrews, we examined preferences for varying kinds of 
L-a-amino acids at 0.02 and 0.2 M. Because of the solubility 
limit Trp, Met, Lys, Asn, Gln, Asp and Glu were tested at 
0.02 M only, and Phe was examined at 0.015 M. The results 
are shown in Fig. 2. Shrews preferred amino acids with 
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FIG. 1. Preference ratios for NaCl, sucrose, quinine hydrochloride, 
HCI and saccharin Na of varying concentrations. Each point is the 
mean obtained from 5—6 shrews, and the bar represents S.E. of the 
mean. 


aliphatic side chains at both 0.02 and 0.2 M. The order of 
preference appears to be Val < Gly = Ala <Ile = Leu at 
0.02 M and Gly < Val < Ala < Ile < Leu at 0.2 M. For Proa 
much stronger preference was shown by shrews than that for 
the above 5 amino acids, while a less pronounced preference 
was demonstrated for Ser and Thr. Shrews showed a marked 
preference for amino acids with side chains containing sulfur 
atoms (Cys and Met) and basic groups (Lys, Arg and His) at 
0.02 M as well as 0.015 M Phe, but not for Trp. However, Cys 
and Arg at 0.2 M were rejected by shrews and His at 0.2 M 
was not preferred. Rejection of 0.2 M Arg may be due to its 
high alkalinity. Acidic amino acids (Asp and Glu) were re- 
jected strongly at 0.02 M, but Asn, Gln and MSG were 
neither preferred nor rejected. Strong rejection of acidic 
amino acids may be attributed to their low pH. 


Effect of the Side Chain Length of DL-a-Amino Acids on 
Preference 


As described above, shrews exhibited a strong preference 
for L-a-amino acids, and the preference magnitude appears 
to be related to the side chain length. To examine the effect 
of the side chain length in more detail, preferences for 6 
DL-a-amino acids of varying concentrations were investi- 
gated. The results are shown in Fig. 3, which indicates 
clearly lowering of the preference threshold for all the amino 
acids with increasing side chain length. Nle, which possesses 
the longest aliphatic side chain was preferred with the lowest 
preference threshold of about 2x10-* M, the preference 
reaching a maximum value (about 80%) at 3x 10-* M. On the 
other hand, Ala, which has only one aliphatic side chain, was 
least preferred, its preference threshold being estimated to 
be about 10-? M, although the preference magnitude appears 
to increase more than 85% with increasing the concentration 
above 0.3 M. The approximate relative concentration of Nle, 
Nva, a-Abu and Ala necessary for eliciting the preference 
magnitude of 70%, obtained from Fig. 4, is 1:5:30:70. 

In Fig. 3 preference for Leu and Val, both of which have 
branches, is less than that for Nle and Nva, respectively. 
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FIG. 2. Preferences in shrews for L-a-amino acids found in proteins. Empty blocks represent the preference ratios for 
amino acids at 0.02 M except for Phe, which was 0.015 M, and hatched blocks indicate those at 0.2 M except for Leu, which 
was 0.15 M. Each value is the mean obtained from 4-5 shrews, and the bar indicates S.E. of the mean. 
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FIG. 3. Preferences in shrews for DL-a-amino acids with different FIG. 4. Preferences in shrews for w-amino acids. Each point is the 
length of side chain. Each point is the mean preference ratio, ob- mean preference ratio, obtained from 5 shrews, and the bar indicates 
tained from 5 shrews, and the bar represents S.E. of the mean. S.E. of the mean. 











Therefore, the factor determining preference or taste sen- 
sitivity in shrews may be the length of the aliphatic side chain 
but not branches of aliphatic groups. 


Preferences for w-Amino Acids 


In order to know whether or not shrews exhibit prefer- 
ences for amino acids other than a-forms, preferences for 
B-Ala, y-Abu and e-Aca were examined in comparison to 
that for Gly. The results are shown in Fig. 4, which indicates 
weak preferences for Gly and B-Ala at 0.1 M but rejection at 
0.3 M. Preference and rejection for e-Aca is similar to that 
for B-Ala, while y-Abu was rejected at both concentrations. 


Comparison of Preferences for D- and L-Enantiomorphs of 
Amino Acids 


As shown in Fig. 5, shrews showed a marked preference 
for D- and L- forms of Met and the preference magnitude is 
nearly the same for both between 10-* and 3x 10-7 M. How- 
ever, preference threshold for D-Met is 3 x 10~* M, while that 
for the L-form is slightly above 10-* M. Preferences for 
D- and L-Phe are also shown in Fig. 5. Both D- and L-Phe of 
10-* M are preferred by shrews, but at concentrations above 
10°? M D-Phe is more preferred than L-Phe. The results 
indicate that shrews recognize a difference in stereoisomeric 
configuration of the amino acid. 


DISCUSSION 


A number of behavioral studies reveal that there exists 
species difference in taste. Rodents such as the rabbit and rat 
prefer NaCl, sucrose and saccharin although NaCl is re- 
jected by the hamster [5, 7, 11, 14, 16, 17]. On the other 
hand, carnivores such as the cat prefer NaCl though the 
preference is weak, is indifferent to sucrose but avoid sac- 
charin [2,5]. Dogs show a strong preference for 10% sucrose, 
a mild rejection of 0.9% saline and a strong rejection of 0.1% 
saccharin and 0.01% quinine [9]. The results of the present 
experiments reveal that shrews show a strong rejection of 
saccharin (above 10°-* M) and quinine (above 3x10~® M), a 
mild rejection of NaCl (above 0.2 M) and a preference for 
0.2-0.5 M sucrose. Therefore, shrews exhibit preferences for 
the four basic taste stimuli which are qualitatively akin to 
those in dogs but significantly differ from those in rodents. 
The preference behavior in shrews mentioned above is also 
akin to that in squirrel monkeys, which show a preference 
for sugars and a rejection of NaCl, saccharin and citric acid, 
although this animal exhibits a preference for saccharin at a 
low concentration (0.01%), and a small preference for 
quinine at low concentrations (0.008—0.016%) [6]. 

Halpern, Bernard and Kare [10] studied preference for 
amino acids in rats using the two-bottle preference tech- 
nique, and reported that with ascending concentration se- 
quences rats selected low concentration DL- and L-Ala and 
Gly, accepted D-, L-, and DL-Trp and low concentration 
DL-Met but rejected high concentration Gly, DL-Ala, and 
DL-Met. DL-Val of 0.01-0.6 M was rejected by rats. They 
also demonstrated by using electrophysiological technique 
that thresholds for chorda tympani responses to the above 
amino acids were between 0.01 and 0.1 M and that the mag- 
nitude of responses to the amino acids was not large com- 
pared with that for NaCl. These results indicate that taste 
sensitivity to amino acids in rats is not very high. Scott and 
Pritchard [20] further studied preference-aversion for 12 
L-amino acids in rats by employing the two-bottle preference 
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FIG. 5. Preferences in shrews for D- and L-Met (upper figure), and 
those for D- and L-Phe (lower figure). Each point is the mean prefer- 
ence ratio, obtained from 5 shrews in the upper figure and 4 shrews 
in the lower figure. The bar represents S.E. of the mean. 


technique, and reported that Ala, Arg, Gly, His, Leu, Pro, 
and Thr were preferred to distilled water at near threshold 
levels while Cys-HCl, Lys-HCl, Ile, Met, and Trp were 
avoided and that all of the initially preferred amino acids 
except Ala became aversive with increasing concentration. 
Hiji [11] and Hiji and Sato [12] demonstrated a preference in 
rats for L-MSG and monosodium L-aspartate in a concen- 
tration range from 0.003-0.15 M but not for D-MSG, and 
Ohara, Tanaka and Otsuka [15] showed that rats prefer 
L-MSG of 0.005—0.01 M more than NaCl of the similar con- 
centration. 

Preferences for several amino acids in cats were studied 
by White and Boudreau [22] and Beauchamp, Maller and Rog- 
ers [2]. The former showed that cats exhibited preference 
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for L-Lys, L-His and L-Pro at 5 and 50 mM, but rejection to 
L-Trp and L-Ile, and that the preference response to L-Pro 
was observed over a concentration range from 0.5 mM to 500 
mM, the maximum response being found at 50 mM. The 
results of the latter study [2] indicated that cats preferred 
L-Ala, were indifferent to Gly and avoided L-glutamic acid. 

Compared with the preference for amino acids in rats and 
cats, shrews were found in the present experiments to show 
preferences for a greater number of L-amino acids including 
L-Val, L-Ile, L-Met and L-Trp, which are avoided by rats 
and/or cats [2, 10, 20, 22]. On the other hand, shrews did not 
show any distinct preference for Asn and Gln, which taste 
sweet to humans [19], nor did shrews show preference for 
MSG, which are preferred by the rat [11, 12, 15]. 

In humans, L-enantiomorphs of Arg, Ile, Lys, Pro, Ser, 
Thr, Val and His taste flat, and those of Leu, Phe and Trp 
bitter [18, 19, 21], while tastes of L-Cys and L-Met are re- 
ported to be *‘sulphurous”’ [19,21] and *‘sulphurous, meaty” 
[21] or “‘repulsive, metallic, minerally’’ [19], respectively. In 
the present experiments shrews exhibited preferences for the 
amino acids mentioned above. The results would indicate 
that taste sensitivity to and preferences for amino acids in 
shrews are quite different from those of humans. 

In humans D-Met taste ‘‘sulphurous, meaty’’ as does 
L-Met [21], and shrews preferred D-Met as well as L-Met 
in the present experiments. It is, therefore, suggested that 
D-and L-Met taste somewhat similar in shrews. On the other 
hand, D-Phe is much preferred by shrews than is L-Phe. In 


humans D-Phe tastes sweet, though taste of L-Phe is bitter [21]. 
Also in the chorda tympani nerve of the hamster D-Phe 
produces a taste response, which is similar to that elicited by 
sucrose [13]. Therefore, a greater preference for D-Phe than 
L-Phe in shrews may be ascribed to ‘‘sweet’’ taste of the 
former. 

The present experiments reveal that shrews exhibit a 
preference-aversion behavior to the four basic taste stimuli 
which is different from that in rodents but similar to those in 
dogs and squirrel monkeys. The experiments, in addition, 
show that shrews exhibit 2 preference for a wide variety of 
amino acids, some of which are not preferred by cats and 
dogs. Also the results of the present experiments indicate a 
significant difference in sensitivity to amino acids between 
humans and shrews. 

Although the shrews examined in the present study were 
not wild but bred in the laboratory, where they fed commer- 
cial foods, their taste preference exhibited here may be in- 
nate and not different from that in wild shrews. Therefore, 
characteristic taste preferences in shrews described above 
may be attributed to their food habit of eating a variety of 
insects and worms. 
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GILBERT, F. F. AND N. GOFTON. Terminal dives in mink, muskrat and beaver. PHYSIOL. BEHAV. 28(5) 835-840, 
1982.—Monitoring of EEG, EKG and overt behavior of mink, muskrat, and beaver caught in leg hold traps in an aquatic 
tank, showed marked differences by species. Death by CO, induced narcosis (submersion asphyxia) was evident in beaver, 
about 50 percent of muskrat but ‘‘wet’’ drowning occurred in mink. Bradycardia was evident in all three species but was 
most pronounced in the beaver. Times to cessation of struggle, brain activity and heart activity indicated that the terminal 
dives of mink and muskrat, but not beaver, fell within the tentative criteria of humaneness for trapping devices established 
by the Federal Provincial Committee for Humane Trapping of Canada. 


Bradycardia Diving reflex Trapping 


COMMERCIAL trapping of semi-aquatic furbearing species 
such as beaver (Castor canadensis), muskrat (Ondatra 
zibethicus), mink (Mustela vison) and otter (Lutra canaden- 
sis) is heavily dependent on the use of so-called *‘drowning 
sets.’’ The question of humaneness of these sets has never 
been fully investigated. Although previous research [13,18] 
has indicated that muskrat and beaver may die quickly ( <10 
min) when held under water, the behavioral and physiolog- 
ical responses of the animals have not been fully determined. 

Both beaver and muskrat have well developed diving re- 
sponses [8] which result in bradycardia, peripheral circula- 
tion shut down and reduced muscle activity in artificially 
restrained muskrats [4]. However, it appears that perhaps 50 
percent of muskrats which die underwater take water into 
their lungs [18]. Whether this inhalation of water occurs be- 
fore or after loss of consciousness has yet to be determined. 

The objectives of this study were to determine the behav- 
ioral responses and the times to unconsciousness, clinical 
death and to loss of cardiac function to ascertain the exact 
cause of death for mink, muskrat and beaver held under 
water by leg-hold traps. This research was necessary to rec- 
ommend the most humane trapping procedures for these 
species in accordance with the mandate of the Federal 
Provincial Committee for Human Trapping (FPCHT), a 
committee of the Federal-Provincial Wildlife Conference of 
Canada [15]. 


METHOD 


A fiberglass over wood frame aquatic tank 2m x 2m x 3 
m with Plexiglas viewing ports on each side was used for the 
testing. A vertically adjustable platform (106 cm x 106 cm) at 
one end supported the nest box and served as a feeding 
platform which could be used as a trap site. Water depth in 


Drowning 


the tank was maintained at 1.0 m for beaver and 0.75 m for 
mink and muskrat. Animals used in the study were live- 
trapped in the wild by government supported trappers or by 
project personnel. 

Heart rate and EEG were monitored in the study animals 
by use of implanted transmitters. Surgery was performed at 
the Ontario Veterinary College’s Clinical Studies Depart- 
ment. Anesthesia was induced in mink and muskrat with 
Ketamine hydrochloride (Ketaset, Rogar/STB, London, On- 
tario) (30 mg/kg) and acepromazine (Atravet, Ayerst Labora- 
tories, Montreal, Quebec) (0.05 mg) by intramuscular injec- 
tion and maintained with halothane and oxygen delivered via 
a face mask on a Bain circuit. Anesthesia was induced in 
beaver with Rompum (Cutler Laboratories, IUD, 
Mississauga, Ontario) (1 mg/kg) and Ketamine hydrochloride 
(10 mg/kg) by intramuscular injection. Following induction 
each beaver was intubated with a 4-5 mm non-cuffed 
endotracheal tube and anesthesia was maintained with halo- 
thane and oxygen delivered via a Bain circuit. 

The animals were placed in dorsal recumbency after the 
two surgical sites, the dorsum of the skull just caudal to the 
occipital process and the ventral chest, were clipped, scrub- 
bed and prepared for surgery with 70 percent alcohol and 
bridine (Allen and Hanburys, Toronto, Ontario). A midline 
incision 3—4 cm long was made on the dorsum of the skull. A 
subcutaneous pocket to accommodate the EEG transmitter 
was developed on the dorsum of the neck caudal to the oc- 
cipital bone. For beaver, the parietal bones were then ex- 
posed by incising the periosteum along the dorsal border of 
the insertion of each of the temporal muscles and then elevat- 
ing the muscles with a periosteal elevator. A small burr hole 
was made through the parietal bone on either side of the 
midline over the cerebrum. The EEG transmitter was placed 
in the pocket and the leads attached to the skull with two 2.0 
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mm stainless steel cortical bone screws 4.0 mm in length 
through the burr holes. Care was taken to provide adequate 
separation, and to avoid coiling, of the leads. Dental acrylic 
was then mixed and applied over the screw heads and termi- 
nal portion of the transmitter leads to isolate them from the 
overlying muscle. For mink and muskrat, the two EEG leads 
were sutured to the fascial sheaths of the temporal muscles 
one on either side of the midline. The transmitters operated 
in the 87-92 mHz range and were supplied by Konigsberg 
Instruments (Pasadena, CA) and Wyoming Biotelemetry 
(Longmont, CO) and weighed 6.8 and 16.4 g respectively. 

For insertion of the EKG transmitters, the ventral chest 
was prepared for surgery. After draping, a 4-5 cm midline 
incision was made over the sternum and a subcutaneous 
pocket developed on the ventral abdomen caudal to the 
xyphoid. The EKG transmitter was placed in the pocket and 
the leads sutured to the chest, one on either side of the heart 
on the lateral chest wall. Care was taken to minimize the 
amount of muscle tissue between the heart and the terminal 
portion of the leads. These transmitters also operated in the 
87-92 MHz range and were supplied by Wyoming 
Biotelemetry (21.8 g) or Ken Jinde, electronics technician, 
College of Biological Science, University of Guelph (14.1 g). 
The subcutaneous tissues were closed by continuous sutures 
and the skin by interrupted ones. Animals were allowed to 
recuperate at least 24 hr before testing was initiated. 

Heart rate and EEG were monitored by receiving the 
transmitter signals on either a metal or flexible wire dipole 
FM antenna mounted above the water surface. The signals 
were converted to audio or visual analog output on a Sony 
Model STA30 FM/AM tuner or a Konigsberg TR1-3d single 
channel EKG receiver/demodulator, a Telequipment SSYA 
oscilloscope and a Gould Brush 222 2-channel chart re- 
corder. A Krohnhite Model 3550 filter was used to help re- 
move muscle potential ‘‘noise’’ from the EKG signals, in 
some animals. 

The animal’s behavior was observed by use of a video 
system which consisted of two Panasonic WV-1050 TV 
cameras, a Sony Model 3800 videotape recorder (VTR) and a 
video monitor (either a Sony video motion analyzer SVM 
1010 or a Sanyo VM 40920). 

A number 3 or number 4 Victor double long spring leg- 
hold trap (Woodstream Corp. Lititz, PA) was placed on the 
feeding platform for beaver and a number | 1/2 or number 2 
(mink only) Victor long spring was similarly positioned for 
mink or muskrat. Floating log sets [1] with Victor number | 
1/2 traps also were used with 2 mink and 2 muskrats and a 
submarine trap [1] was used with 3 muskrats. 

Diatomite (approximately 0.6 l/m water depth) was added 
to the water prior to the trap test. This was to allow later 
examination of lung tissue for the presence of diatoms which 
would be diagnostic of ‘‘wet’’ drowning [9, 10, 17]. 

EEG, EKG and overt behavior were monitored from the 
time of entry of the animal into the trap. Time was monitored 
by stop watches and a time-date generator on the VTR. Be- 
havioral responses were recorded by length of time from 
entry into the trap and time below the water’s surface. Once 
the EEG signal became flat, or in the absence of an adequate 
signal, when visual or reflex (corneal or palpebral) signs in- 
dicated the animal was fully unconscious, the animal was 
removed from the water and EKG monitored until the heart 
stopped beating. If an animal started to recover it was 
euthanized with an intracardial injection of Euthanyl. 

Post mortem examination included recording the sex, 
weight, and length of the specimen, and examination of the 
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TABLE | 


MINK HEART RATES IMMEDIATELY PRIOR TO, AND AFTER, 
SUBMERSION FOLLOWING LEG HOLD TRAPPING 





Time Average Heart Rate (N=9) 





0- 60 sec pre submersion 227 (110-420) 
0- 30 sec submerged 119 (72-166) 
30- 60 sec submerged 90 (44-148) 
60-120 sec submerged 78 (38-126) 
120-180 sec submerged 60 (30-102) 
180-240 sec submerged 52 (0-135) 





appendage caught in the trap. The upper digestive tract and 
lungs were closely examined and specific signs of drowning 
as described by Gordon [9] recorded, if present. Post mor- 
tem examinations were conducted by clinical pathologists at 
the Ontario Veterinary College. 

Following post mortem examination the trachea was tied 
off and the lungs removed intact. These were stored in plas- 
tic bags and frozen. For the digestion process the lungs were 
thawed and small strips deposited into flasks containing nit- 
ric acid brought to just below the boiling point. The resultant 
digested fluid was allowed to cool, stored in ethanol, and then 
centrifuged at 3500 rpm for approximately 10 min. Up to 10 
drops of the sediment were placed on a microscope slide 
using a disposable pipette and then covered with a cover slip 
and the edges lined with vaseline to prevent evaporation. 
The slide was examined under a compound microscope to 
determine if diatoms were present and their relative num- 
bers. In all but one case where sufficient digesta for only four 
studies was available, seven replicates were used. 


RESULTS 


Mink 


When trapped, mink fell into the water in their struggle 
rather than purposively seeking the water as a refuge. Once 
under water, heart rate values declined to about 50 percent 
of above water values (Table 1). A short (average 2 min 3 
sec) violent struggle ensued with EEG becoming isoelectric 
at an average of 4 min 37 sec and heart activity ceasing at 
about 6 min (Table 2). Corneal reflex loss, indicative of un- 
consciousness, usually occurred before 2 min 30 sec. Only 
one animal showed any damage where the trap had held it 
and that was a minor laceration. Nine mink had diatoms in 
the lungs, 3 did not and 1 was questionable (only 1 diatom 
was found in the sample). The three animals without diatoms 
in the lungs showed frothyl mucus in the trachea [2] or reg- 
urgitated stomach contents in the larynx [1]. Granular blood 
partially occluded the larnyx in the mink with one diatom. 
This latter animal had been euthanized when it started to 
regain its EEG. 

Both mink trapped on the floating log set fell into the 
water immediately. Struggling ceased at 1 min 35 sec and 2 
min 20 sec and corneal reflex ceased at 2 min 20 sec and 2 
min 55 sec, respectively. Although the lungs of these mink 
were not examined for diatoms post mortem findings of 
patchy diffuse congestion and moderate diffuse edema were 
similar to those for the nine mink in the platform test with 
diatoms in their lungs. 
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TABLE 2 


SUMMARY OF PLATFORM LEG-HOLD TRAP TEST RESULTS FOR MINK USED 
IN THE AQUATIC TESTS 





Struggle 
Cessation 


Removal 
from 
Water 


EEG 
Loss 





SZSEZEEEEEE 


zE 


M2, 
Averages + S.E. 


2”03" : 


>5'00" 


fe ee 


—_ 5'26” 
5'15" 5'30" 
4'35” 4'30" 
5'30” 5'30" 
(2'32") 2'38” 
6'22" 
330! 
2'07" 


(2'17") 

(2'07") 

(2'20") is 
(1'37") 1ST" 
417" 5’00" 4'36" 
4'20" 5'00" 
3’20" 3'37" 
4'07”" 





Figures in parentheses are times to loss of corneal reflex. 


*Euthanized. 


TABLE 3 


MUSKRAT HEART RATES IMMEDIATELY PRIOR TO, AND AFTER, 
SUBMERSION FOLLOWING LEG-HOLD TRAPPING 


TABLE 4 
RESULTS OF PLATFORM LEG-HOLD SETS FOR MUSKRAT IN THE 
AQUATIC TANK 





Time Average Heart Rate (N=6) 





0Q- 60 sec pre submersion 262 (175-315) 
0- 30 sec submerged 146 (98-218) 
30— 60 sec submerged 107 (68-189) 
60-120 sec submerged 75 (52-104) 
120-180 sec submerged 80 (62-105) 
180-240 sec submerged 86 (52-150) 





Muskrat 


Animals trapped on the platform headed immediately for 
the water. Heart rate dropped to about 55 percent of pre-trap 
values immediately upon submersion (Table 3). Struggling 
ceased at about 3 min 35 sec and EEG became isoelectric on 
average by 4 min 3 sec (Table 4). There was a relatively short 
time (55 sec average) between the cessation of struggle and 
the shutdown of physiological functions. Although the 
struggle was not intense, it was directed at the trap and four 
muskrats had lacerations and abrasions. One animal sus- 
tained a fractured humerus but six others had no damage. 

The two animals trapped in floating log sets and the three 
muskrats caught in submarine traps all took considerably 
longer (p<0.05) to cease struggling and lose their EEG. 

Of the muskrats trapped on the platform, 4 had very high 
diatom counts (>100/slide), 5 had very low counts (<1/slide) 
and 2 had no diatoms. Combining the results of post mortem 
examination and diatom counts it appeared that 9 muskrats 
had ‘‘wet’’ drowned and 7 had not. 


Removal 
from 
Water 


EEG 


Loss 


Struggle 


Animal Cessation 





(3'52") 4'52” 
4'17" 4'17’ 
4'15” 4'30’ 
4'00" 4'00’ 
4'10” 4°10" 
4'00” 4'07’ 
4'00" 415” 
4'00" j 4'27" 
3'30" 3'30’ 
4'15” j 4'17" 
(4'10") 4'10’ 


& 
2 


Mu-24 
Mu-7 
Mu-8 
Mu-13 
Mu-15 
Mu-17 
Mu-46 
Mu-20 
Mu-18 
Mu-35 
Mu-33 
Averages 
+ S.E. 


wewn WwW Ww Ww WwW Ww WwW Ww 
WwwWwWUe Wo ab wuUnwn 
Sxw~aSunasusses 


i ee 4"03" + 42’ : + 54’ 4'14’ 





Figures in parentheses represent time to loss of corneal reflex 
when EEG transmitter not working or not implanted. 


Beaver 

Muscle potentials frequently masked the EKG in early 
tests but when it was possible to monitor EKG a consistent 
pattern of bradycardia was observed with heart rate drop- 
ping to about 20 beats/min within 3 min post submersion. 
The rate then rose and fell with the activity level of the 
animal (range 4-63 beats/min) but never reached normal di- 
ving bradycardial levels of 67 beats/min [8]. The behavioral 
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TABLE 5 


SUMMARY OF PLATFORM LEG-HOLD TRAP TEST RESULTS FOR BEAVER USED IN 
THE AQUATIC TESTS 





Struggle EEG 
Cessation Loss 


Animal 


Removal 
EKG from 
Loss Water 





BI 4’15” 
B3 7'20" 
B4 3'44” 
B7 8'25” 
B8 9'57” 


5'00” (approx.) 13'30" 9'00" 


21°18” 10'00" 
10°39" 800" 
24'40" 9'50"* 

_ 1116" 


(palpebral reflex returned at 11'55”-euthanized) 


B9 7'30" 8'30’ 
B10 6'30' _ 

Bli 810" 11’10” 
B12 8’50” 9’15” 
B13 '30" 9'09” 
B14 ‘05’ 7'30" 
B15 '40" — 

B18 i — 

B20 '30’ — 

B24 '30' 9'45” 
B25 i2's5" 13’50" 
B26 10’00" 10’22” 
B27 Se eg 11°30" 
B29 9'00" 9'45” 
B31 6'18" 3'38" 


23'00" 11'00" 
— 11'30" 
20'10" 11'44" 
16°45” <13'00" 
1513” 10'10" 
11'30" 10'00" 
_ 13'17" 
- 7'29 
— 11°44” 
11'00" 1500" 
20'25" 14’05" 
15’00" 13'13” 
12'00" 11'30" 
1210" 10'00" 
8'32" 


(palpebral reflex returned at 10'18” but lost again at 11'23”) 


Averages 
+ S.E. 8'11" + 4'50” 


9’11” + 4’20” 


16'27” + 10'32” 





*Placed back in water at 11'50” due to gasping response. 
*Placed back in water at 13’00” due to gasping response. 


response was quite similar in all animals. An initial struggle 
period lasted 2-5 min post submersion after which periods of 
quiescence and struggle alternated, with the intensity of 
struggle decreasing until finally only weak swimming mo- 
tions occurred. The intensity of the initial struggle was corre- 
lated to the amount of damage sustained by the trapped ap- 
pendage. A gasping (gaping) response was seen in a number 
of animals pulled from the water. Two beaver (B7 and B10) 
were placed back in the tank because of this response but of 
the others not returned to the water only one (B18) regained 
a full palpebral reflex and had to be euthanized. 

The average time to loss of EEG was about 9 min 30 sec 
and to loss of EKG about 16 min (Table 5). 

Post mortem examination usually revealed the presence 
of thick mucus at the base of the tongue and sometimes in the 
larynx. Foam or froth was found in the trachea, larynx and 
sometimes the epiglottis. The lungs were often congested, 
very light in weight and showed evidence of emphysema. 
These findings are supportive of death by anoxia. However, 
diatoms were found in most of the lung samples examined. 
Three beaver had no diatoms, 3 had low counts , <2 diatoms/ 
slide), 5 had moderate counts (3-12 diatoms/slide) and 10 
had high counts (>80 diatoms/slide). The 10 high counts 
were post mortem artifacts as they represented beaver where 
difficulties were encountered. For example, the longer the 
time the beaver was in the water after an isoelectric EEG had 
occurred the higher the concentration of diatoms (B4, B12, 


B24, B26, B27 and B31 all took longer than usual to remove 
from the slide wire). Sometimes the EEG transmitter was not 
functioning and the animal probably was left in the water 
after its brain activity had ceased (B18, B20 and B29) or the 
EEG was erratic and gaping was occurring (B25). 


DISCUSSION 


The terminal dives varied among the three species tested. 
Beaver apparently usually die as a result of CO, induced 
narcosis or anoxia from the evidence obtained [17]. The be- 
havior of the animal held under water by the trap changed 
from directed escape actions to reflex type responses in the 
latter stages of struggle. The active struggle against the trap 
and the attempts to surface were gradually replaced by a less 
complex swimming motion. In an unrestrained animal this 
might allow it to reach the surface where another reflex (the 
gaping action) might occur. However, it was impossible to 
determine how much conscious control actually existed at 
this stage. The developing anoxia may have removed much 
of the sensory perception on average by 5-7 min post sub- 
mersion. Also the build-up of lactic acid in the skeletal mus- 
cles may have reduced the amount of muscle action [11,12]. 
The slight differences noted between the beaver may have 
been a function of age (juveniles have slightly smaller lung 
capacities), sex (females appeared to have a more 
pronounced bradycardia) or water temperature (different en- 
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ergy costs for homeothermy). However, individual variation 
was too large to allow any statistical verification of these 
trends. 

The bradycardia observed in beaver held underwater by a 
trapping device was more pronounced than that observed in 
free diving beaver [8]. This parallels the findings of Butler 
and Woakes [2] and Kanwisher et a/. [14] that the decrease in 
heart rate can have a considerable psychological (or stress) 
component and that for natural dives in Aythya ferina and 
A. fuligula bradycardia is only temporary, during the initial 
stages of the dive [3]. 

Drummond and Jones [4] examined bradycardia in mus- 
krats for both restrained and unrestrained dives. The values 
we observed for muskrats restrained by the traps were con- 
siderably higher than Drummond and Jones’ [4] observa- 
tions. Also, heart rate appeared to plateau after 2 min at an 
average of about 80 beats/min, and did not decline propor- 
tional to time as found by Drummond and Jones [4]. This 
suggests that the artificial restraining techniques used by 
these authors (the muskrat were strapped to a board) pro- 
vided responses that could not be generalized to our study 
situation. 

The frequency of ‘‘wet’’ vs ‘‘dry’’ drownings observed in 
muskrat was comparable to that found by Jones [13] and 
Wobeser [18]. Why half the animals take water into the lungs 
and others do not, cannot be explained at this time. There 
were no apparent behavioral differences in the muskrats of 
both groups yet some seemed to develop a mucous plug in 
the trachea which prevented water from entering the lungs. 
The mucous plug was similar to that observed in beaver. 
Frothy fluid in the respiratory tract has been considered to 
be the best diagnositc sign of drowning in man [9]. Only 
Mu-11 seemed to fit this pattern in terms of diatom counts in 
the lungs. Often the froth was associated with mucus and the 
diatom counts were very low (<1/slide) or zero. Although 
diatom concentrations varied in the water column as the 
material tended to settle to the bottom of the tank within a 
relatively short period (<30 min), the struggles of the musk- 
rat should have stirred up the water sufficiently to maintain 
reasonable distribution throughout the column. Only those 
animals which stayed very close to the water’s surface after 
being trapped, e.g., Mu-14 (submarine trap) and Mu-24 might 
not have stirred the water sufficiently to move the diatoms 
off the bottom. Surface diatom concentrations can be as low 
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as 0.5 diatoms/ml after settling has occurred and thus some 
of the low counts may still be indicative of ‘‘wet’’ drowning. 
If this is the case, then slightly more muskrat can be ex- 
pected to take water into the lungs than not. 

Examination of the carcasses of animals killed in traps by 
pathologists has been used to give information on how the 
animal died and how long it took to die. Often the conclu- 
sions made are not warranted based on the similarity in post 
mortem signs in animals undergoing considerably different 
deaths. We suggest that post mortem examinations may be 
useful to differentiate gross differences in time to death and 
cause of death but should not be used by themselves as 
definitive statements of either. 

The rapid cessation of struggle, corneal reflex and brain 
activity post submersion and the predominance of ‘‘wet”’ 
drowning in mink all indicate a species which is not physi- 
ologically adapted to an underwater environment. This 
further confirms earlier behavioral studies of this species [6, 
8, 16]. 

The primary function of this research was to make rec- 
ommendations regarding the humaneness of underwater 
trapping systems [15]. Because the FPCHT accepted a 
maximum time period of 3 min to loss of consciousness with 
inevitable subsidence into death as a performance criterion 
[5], it would appear that underwater trapping of mink and 
muskrat with leg hold traps is as humane as the ‘‘killer-type”’ 
traps, e.g., Conibear 120, currently in use. These traps kill 
more quickly when the animal is positioned correctly (head- 
neck region) but it is impossible to eliminate the possibility of 
pectoral girdle or abdomen strikes. In contrast, it appears 
feasible to lower the time to unconsciousness considerably 
and reduce physical trauma to beaver by the use of *‘killer- 
type’’ traps [7] and thus this is a more humane trapping 


system than the leg hold trap for this species. 
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KRALY, F.S. AND L. A. MILLER. Histamine-elicited drinking is dependent upon gastric vagal afferents and peripheral 
angiotensin II in the rat. PHYSIOL. BEHAV. 28(5) 841-846, 1982.—While transection of either the anterior (including 
hepatic) or posterior (including coeliac) vagal trunk failed to alter drinking in response to subcutaneous histamine (0.312-20 
mg/kg), selective gastric vagotomy severely attenuated drinking after systemic histamine (1.25-40 mg/kg) in male 
Sprague-Dawley rats. The dose-response curve for rats with gastric vagotomy was shifted to the right: Vagotomy increased 
the threshold dose nearly tenfold and more than doubled the ED... Because the effect of vagotomy on histamine-elicited 
drinking was not mimicked by cholinergic blockade of vagal efferents using atropine methy] nitrate (10 mg/kg), these results 
demonstrate that gastric vagal afferents are necessary for a normal drinking response to systemic histamine. When gastric 
vagotomy was combined with intragastric SQ14,225 (to inhibit the conversion of peripheral angiotensin I to angiotensin II) 
drinking after systemic histamine was abolished. These results suggest that gastric vagal afferents and angiotensin II are 


necessary for systemic histamine to elicit drinking in the rat. 


Histamine Drinking Vagotomy 


(Captopril) 


HISTAMINE elicits drinking in a dose-related manner when 
given subcutaneously [5,9] and there is recent evidence that 
endogenous histamine is a component of eating-elicited 
drinking in the rat [9]. While exogenous histamine is also 
known to stimulate gastric secretion [1] and to be hypoten- 
sive [12], the precise mechanism(s) by which exogenous or 
endogenous histamine elicits drinking is unclear 

Bilateral subdiaphragmatic vagotomy severely attenuates 
drinking elicited by systemic histamine in the rat [9]. Be- 
cause such vagotomy is a complex lesion having many ef- 
fects on both sensory and motor functions of the viscera, the 
exact vagal fibers and their terminal fields which are neces- 
sary for histamine-elicited drinking have not been identified. 
The experiments reported here more closely assess this 
neurological substrate and further examine the neuroendoc- 
rine control of histamine-elicited drinking in the rat. 


EXPERIMENT | 


Bilateral subdiaphragmatic vagotomy, which attenuates 
histamine-elicited drinking in the rat [9], transects vagal fi- 
bers serving various abdominal organs including liver, stom- 
ach, intestine and pancreas. The vagal branches necessary 
for drinking elicited by histamine are unidentified. This ex- 
periment begins the analysis of this problem by performing 
more selective vagotomies than bilateral subdiaphragmatic 
vagotomy and subsequently assessing drinking in response 
to systemic histamine. Subdiaphragmatic transection of the 
anterior vagal trunk severs fibers which, in general, course 


Vagal afferents 


Gastric vagi Angiotensin II SQ14,225 


to liver and to the anterior surface of the stomach [13]. Sub- 
diaphragmatic transection of the posterior vagal trunk severs 
fibers coursing to intestine and pancreas (in the coeliac 
branch) and to the posterior surface of the stomach [13]. 
Failure to drink in response to histamine after vagotomy of 
the anterior trunk would implicate hepatic vagal fibers as 
critical; failure to drink after vagotomy of the posterior trunk 
would implicate intestinal and/or pancreatic fibers as critical; 
normal drinking in response to histamine after anterior or 
posterior vagotomies would implicate gastric vagal fibers as 
critical because vagal denervation of the stomach is the one 
functional lesion that is not accomplished by either anterior 
or posterior trunk vagotomy alone. 


METHOD 


Animals 


Twelve Sprague-Dawley albino male rats (470-570 g) 
were housed individually in conventional wire-mesh cages 
on a 12:12 hr light/dark cycle. Rats had continuous access to 
Charles River pellets on the cage floor and tap water availa- 
ble from a stainless-steel spout attached to a graduated cyl- 
inder. 


Vagotomy 


Anterior vagotomy (n=4), posterior vagotomy (n=4) and 
sham vagotomy (n=4) were performed under Chloropent (2 
ml/kg, Fort Dodge Laboratories, Inc., Fort Dodge, IA) 
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anesthesia. For all vagotomies entrance was made through a 
5-cm midline incision on the abdomen. The stomach was 
pulled out of the abdomen through the wound and gentle but 
firm traction was applied to the stomach facilitating exposure 
and manipulation of the exophagus. The lobes of the liver 
were gently reflected to the surgeon’s left using a cotton 
swab. The anterior (right) or posterior (left) vagal trunks 
were identified with the aid of a Bausch and Lomb dissecting 
microscope (10x-70x). The rats receiving anterior vagot- 
omy had their anterior vagal trunk carefully separated from 
the esophageal wall as high as_ possible (subdia- 
phragmatically) on the esophagus with care being taken to 
identify the hepatic branch to include it in the lesion. Ap- 
proximately a 10-mm section of anterior trunk was stripped 
from the esophagus and removed. The rats receiving 
posterior vagotomy had their posterior vagal trunk carefully 
separated from the esophageal wall; a 10-mm section of the 
posterior trunk was stripped from the esophagus and re- 
moved. Sham vagotomy consisted of the same surgical pro- 
cedure but vagal branches were neither separated from the 
esophagus nor transected. Following sham vagotomy or 
transection of anterior or posterior trunks, the abdomen was 
closed with 4-0 silk and the skin was closed with wound 
clips. 

Rats were returned to their home cages immediately after 
surgery. They resumed continuous access to pellets and tap 
water upon recovery from the anesthesia. 


Verification of Vagotomy 


Vagotomy was verified anatomically using the dissecting 
microscope (10x-—70x) at the conclusion of the experiment. 
Verification was performed for each rat without knowledge 
of its drinking behavior: Rats were sacrificed for autopsy 
with an IP overdose of Chloropent. The vagal branches were 
located at the thoracic level and carefully dissected in the 
caudal direction following their course to liver, stomach and 
coeliac plexus. A drawing was made depicting the course of 
the vagal branches as visualized. Notes were recorded for 
each rat detailing any ambiguities regarding the integrity of 
nervous tissure, the appearance of esophagus and stomach, 
the presence of food and hair in the stomach and esophageal 
reflux. 

Criterion for complete vagal transection was the inability 
to find visible continuity, for either the anterior or posterior 
vagal trunks, between the more rostral cut end of that branch 
on the esophagus and vagal fibers at the base of the 
esophagus or on the stomach. When there was any ambiguity 
concerning the continuity of either vagal branch, the tran- 
section was classified as incomplete. 

Vagal innervation was judged to be intact in all 4 sham 
vagotomized rats. Each of the 4 rats with intended anterior 
vagotomy was determined to have complete transection of 
the anterior trunk but with an intact posterior trunk. Only 3 
of the 4 rats with intended posterior vagotomy were deter- 
mined to have complete transection of the posterior trunk 
but with an intact anterior trunk. The fourth rat was there- 
fore excluded from the behavioral analysis. 


Procedure 


Between | and 2 mo after surgery, rats were tested for 
drinking after subcutaneous (SC) 0.9% NaCl or histamine 
disphosphate (0.312, 0.625, 1.25, 2.5 and 20 mg/kg body 
weight; 20 mg/ml distilled water; Sigma Chemical Co., St. 
Louis, MO) in the following manner: Rats were deprived of 
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food and body weights were recorded at the midpoint of the 
day phase (10:00 a.m.). Following 30 min of food depriva- 
tion, rats were injected SC with either 0.5 ml 0.9% NaCl or 
histamine and were immediately returned to their cages with 
tap water available. Water intake was recorded at 5-min 
intervals for 30 min and at 45 and 60 min after the time of 
injection. The test was terminated | hr after injection: rats 
then resumed free access to pellets and water. These doses 
and procedures were determined from previous work [9] 
which demonstrated the doses of histamine for threshold 
(1.25 mg/kg), ED,. (2.5 mg/kg) and a maximal drinking re- 
sponse (20 mg/kg) not to vary in potency for rats tested at 
night or in the day. Earlier work [5,9] has also shown that 
drinking after histamine is nearly always complete within 
30-min after injection. 

Two control (0.9% NaCl) tests determined baseline for 
drinking prior to the first histamine test and a control test 
was repeated after every third histamine test. Tests were 
administered every third or fourth day with doses of his- 
tamine administered in ascending order. 


Data Analysis 

Water intake data were analyzed with analysis of vari- 
ance. The mean water intakes for saline control tests were 
used for analysis and presentation of results because analysis 
of variance showed that drinking on control tests did not 
change with repeated testing (all p’s>0.20). 


RESULTS 

Rats with verified anterior vagotomy, posterior vagotomy 
or sham vagotomy drank in response to SC histamine as did 
normal rats in earlier published work [9]. Rats drank most of 
their water within 30 min after injection of histamine and rats 
in all 3 groups drank more with increasing doses of histamine 
(Table 1), F(5,40)=42.0, p<0.001. There were no differences 
among the 3 groups in 30-min water intake, F(2,8)=1.5, 
p>0.20, but there was a significant lesion x dosage interac- 
tion, F(10,40)=2.3, p<0.05. This interaction effect reflects 
the fact that rats with lesions of the posterior trunk tended to 
drink more than sham vagotomized rats after the 0.312 mg/kg 
dose of histamine; 2 of the 3 rats with posterior vagotomy 
drank above the range of sham-vagotomized rats. Mean 
water intake for the 3 groups was virtually indistinguishable, 
however, for drinking after the reported [9] ED. for SC 
histamine (2.5 mg/kg) and for drinking after the dose re- 
ported [5,9] to elicit a maximal drinking response (20 mg/kg; 
Table 1). 


DISCUSSION 


Vagotomy of either the anterior or posterior vagal trunk 
failed to systematically alter drinking after SC histamine and 
failed to reproduce the severe attenuation of histamine- 
elicited drinking that follows bilateral transection of the ab- 
dominal vagus in the rat [9]. The failure of vagotomy of the 
anterior trunk to mimic the effect of total vagotomy suggests 
that the hepatic branch is not the critical branch for 
histamine-elicited drinking; the failure of vagotomy of the 
posterior trunk to mimic the effect of total vagotomy 
suggests that the coeliac branch (serving intestine and pan- 
creas, e.g.) is not the critical branch for histamine-elicited 
drinking. The one target organ of vagus that did not suffer 
total parasympathetic denervation by either anterior or 
posterior vagotomy alone is the stomach. Thus, these find- 





CONTROLS OF HISTAMINE-ELICITED DRINKING 


TABLE | 
MEAN (+SE) 30-MIN WATER INTAKE AFTER SC HISTAMINE 





Dose (mg/kg) 
0.625 1.25 a. 20 





Anterior Vgx (n=4) 0.5 + 0.2 j 
Sham Vgx (n=4) 1.0 + 0.4 m. 1.0 
Posterior Vgx (n=3) 0.7 + 0.4 5. a3 


se 21.1 ae2thz $2202 11.0 + 0.9 
3.22065 7.8 + 1.8 4.0 + 0.6 11.0 + 1.0 
a 2 hz 6.0 + 1.0 Os * 3.2 11.0 + 1.0 





Statistical analysis presented in text; Vgx, vagotomy. 


ings suggest that gastric vagal fibers may be critical for drink- 
ing in response to histamine. 


EXPERIMENT 2 


This experiment tests the hypothesis that gastric vagal 
afferents are necessary for histamine-elicited drinking (1) by 
examining drinking after histamine in rats with complete 
(bilateral) transection of gastric vagal branches and (2) by 
evaluating whether the effects of gastric vagotomy (transec- 
tion of afferent and efferent fibers) is mimicked by blockade 
of vagal efferents with the peripheral anticholinergic atropine 
methyl nitrate. 


METHOD 
Animals 


Twenty Sprague-Dawley albino male rats (400-475 g) 
were housed and maintained as described for Experiment | 
except that the 10 rats to receive vagotomy or sham vagot- 
omy were maintained (beginning | week prior to surgery) on 
liquid food (Eagle Brand sweetened condensed milk, Bor- 
den, Inc., Columbus, OH; 300 ml of milk mixed with 100 ml 
distilled water in which was dissolved 11 g of Vitamin For- 
tification Mixture; ICN Pharmaceuticals, Cleveland, OH) 
available through a stainless steel spout attached to a 
graduated cylinder. Liquid food replaced pellets in this ex- 
periment because this food facilitates the recovery of rats 
with bilateral subdiaphragmatic vagotomy (Kraly and Smith, 
in preparation). 


Vagotomy 


Transection of gastric vagal fibers (n=6) and sham vagot- 
omy (n=4) were performed using the same general proce- 
dure as described in Experiment |. To perform the lesion of 
gastric fibers, the anterior vagal trunk and its hepatic branch 
were identified under the dissecting microscope. The 
anterior trunk was dissected away from the esophagus below 
the level of the hepatic branch (i.e., the hepatic branch was 
spared) and then the anterior trunk was stripped and re- 
moved following its course to the stomach. The posterior 
trunk was then identified under the dissecting microscope. 
This trunk was carefully dissected away from the esophagus 
until the branching of the coeliac and gastric fibers was iden- 
tified in the immediate vicinity of the left gastric artery. The 
gastric branch was isolated and it was removed from be- 
tween the coeliac branch and the posterior surface of the 
stomach; the coeliac branch was spared. The remaining sur- 
gical procedure and sham vagotomy were performed as de- 
scribed for Experiment 1. 


Rats were returned to their home cages immediately after 
surgery. Upon recovery from the anesthesia they resumed 
continuous access to liquid food and water. 


Verification of Vagotomy 


Vagotomy was verified anatomically using the dissecting 
microscope (10x-—70x) at the conclusion of the experiment 
according to the procedure described for Experiment |. 
Verification was performed for each rat without knowledge 
of its drinking behavior. Criterion for complete bilateral gas- 
tric vagotomy was the inability to find visible continuity, for 
each gastric portion of the anterior and posterior trunks, 
between the rostral cut end of the branch and the stomach. 
When there was any ambiguity concerning the continuity of 
either gastric branch, the transection was classified as im- 
complete. Using this criterion, 4 of the 5 surviving vagoto- 
mized rats (one rat died within 24 hr of surgery) were judged 
to have complete transection of gastric fibers. The single 
exception was excluded from the behavioral analysis. All 4 
sham vagotomized rats were judged to have intact vagi. 

A behavioral verification of gastric vagotomy was per- 
formed just prior to anatomical verification by assessing the 
ability of 4 wg (80 U)/kg synthetic octapeptide of cholecys- 
tokinin (CCK-8) to inhibit eating, because the ability of sys- 
temic CCK-8 to inhibit eating depends upon the integrity of 
gastric vagal afferents [19]. This behavioral verification of 
completeness of vagotomy corroborated the anatomical ver- 
ification: CCK-8 inhibited eating in sham vagotomized rats 
but failed to inhibit eating in rats which had been judged on 
anatomical grounds to have complete transection of gastric 
fibers, 1(6)=3.1, p<0.05. Scores for inhibition of eating by 
CCK-8 in each of the 4 (anatomically-verified) vagotomized 
rats were outside the range of scores for the 4 sham- 
vagotomized rats. 


Procedure 


Between | and 2 mo after surgery, vagotomized and 
sham-vagotomized rats were tested for drinking after SC 
0.9% NaCl or histamine diphosphate (1.25, 2.5, 10, 20 and 40 
mg/kg body weight) using the same procedures as described 
for Experiment |. Rats were also tested drinking after 24-hr 
water deprivation in the following manner: Water but not 
food was removed at 10:00 a.m. 24 hr prior to the test. Rats 
were handled and weighed 30 min prior to the test. Tap water 
in graduated cylinders was then offered and rats were al- 
lowed to drink undisturbed for a 1-hr test. 

Ten unoperated rats were tested drinking after 20 mg/kg 
histamine SC, 30 min after an intraperitoneal (IP) injection of 
either 0.9% NaCl or 10 mg/kg atropine methy] nitrate (AMN; 





1 from baseline [mi/100g| 








s.c. Histamine [mg/kg] 


FIG. 1. Mean change from baseline (SC 0.9% NaCl) 30-min drinking 
for rats with sham vagotomy (black circles) and rats with verified 
gastric vagotomy (open circles) drinking after SC histamine. Vertical 
lines denote SE. Regression lines (for doses 1.25 through 20 mg/kg) 
were fitted by the method of least squares. 


Sigma Chemical Co., St. Louis, MO) on 2 separate tests. 
This massive dose of AMN is approximately ten times the 


dosage sufficient to inhibit sham feeding by 77% in rats [15] 
and should have produced virtual total cholinergic blockade. 


Data Analysis 


Because vagotomized rats tended to weigh less than sham 
vagotomized rats upon recovery from surgery, data were 
expressed as ml/100 g body weight. Water intake data were 
analyzed with analysis of variance. Between-group compari- 
sons were subsequently made with a t-test for independent 
means and within-group comparisons were made with a 
matched-pair t-test. The mean water intakes for saline con- 
trol were used for analysis and presentation of results be- 
cause analysis of variance showed that drinking on control 
tests did not change with repeated testing (all p’s>0.20). 
Because baseline drinking tended to differ between vagoto- 
mized and sham vagotomized rats, F(1,6)=20.3, p<0.005, 
30-min water intake scores were transformed to ‘‘change 
from baseline’ scores for preparation of Fig. 1 and subse- 
quent analysis. Lines in Fig. 1 were fitted by the method of 
least squares regression. Differences in slopes of the regres- 
sion lines were analyzed according to the method described 
by Edwards [3]. 


RESULTS 


Vagotomy of gastric vagi attenuated drinking elicited by 
SC histamine (Fig. 1). Threshold (i.e., more than half of the 
rats responding by drinking above baseline) for sham vagot- 
omized rats was 1.25 mg/kg, while threshold for vagotomized 
rats was 10 mg/kg. The dose effective for 50% of the maximal 
drinking response (ED,)) was calculated from the linear re- 
gression analysis to be 3.9 mg/kg for sham vagotomized rats 
and 10.3 mg/kg for rats with verified complete gastric vagot- 
omy. Figure | illustrates that sham-vagotomized rats drank 
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significantly more, F(1,6)=29.3, p<0.005, than did rats with 
gastric vagotomy. Drinking in response to histamine was 
dose-related, F(4,24)=14.4, p<0.001, and there was no in- 
teraction between the effects of lesion and dose, 
F(4,24)=0.9, p>0.20. The linear regression line fitted to the 
data for sham vagotomized rats accounts for 95% of the total 
variance; the regression line fitted to the data for rats with 
gastric vagotomy accounts for 80% of the total variance (Fig. 
1). The slopes of these regression lines were not significantly 
different, 1(4)=2.0, p>0.10. The 40 mg/kg dose appeared to 
be a supramaximal dose for drinking because it failed to 
increase drinking above that elicited by 20 mg/kg. 

Despite the failure to drink normally in response to SC 
histamine, rats with gastric vagotomy were capable of mak- 
ing a brisk normal drinking response to a challenge to fluid 
homeostasis: All vagotomized rats drank immediately upon 
being offered water following 24-hr water deprivation and 
they drank normal amounts of water in a I-hr test (mean 
water intake +SE; Vagotomized: 4.5+0.6 ml/100 g; sham 
vagotomized: 3.4+0.3 ml/100 g; #(6)=1.7, p>0.10). 

Blockade of vagal motor (efferent) function with AMN 
failed to mimic the effect of gastric vagotomy upon drinking 
in response to 20 mg/kg histamine—the dose that elicits a 
maximal behavioral response [9]. Normal rats initiated drink- 
ing to 20 mg/kg histamine preceded by IP 0.9% NaCl with a 
mean latency of 5.9+0.9 min and drank a mean of 8.1+0.6 ml 
in the I-hr test. When 20 mg/kg histamine was preceded by 
IP 10 mg/kg AMN, rats drank with the same latency (6.9+1.2 
min), 7(9)=1.2, p>0.10, and they drank the same amount 
(8.0+0.8 ml), 7(9)=0.1, p>0.20, in the 1-hr test. 


DISCUSSION 


Gastric vagotomy severely attenuated drinking in response 
to SC histamine: Threshold for a drinking response was in- 
creased nearly ten-fold and the ED., was more than doubled 
after vagotomy. A maximal drinking response was elicited 
with a dose of 20 mg/kg in rats with gastric vagotomy as in 
sham vagotomized and normal rats [5,9]. Double this dose 
(i.e, 40 mg/kg) failed to result in further increased drinking in 
either vagotomized or normal rats. In summary, the dose- 
response curve appears shifted to the right after transection 
of gastric vagal fibers (Fig. 1). 

The failure of vagotomized rats to drink normally in re- 
sponse to histamine is not due to nonspecific effects of va- 
gotomy because these same vagotomized rats drank normal 
amounts of water when drinking after water deprivation. 
(Vagotomized rats also failed to reduce food intake in the 
face of a dose of systemic CCK-8 which inhibited eating in 
normal rats; see Procedure, Experiment 2.) 

Finally, disordered drinking of these vagotomized rats in 
response to SC histamine can be attributed to the transection 
of gastric vagal sensory (afferent) fibers. Since drinking after 
20 mg/kg histamine was normal after peripheral cholinergic 
blockade of vagal efferents with AMN, as has been reported 
earlier under somewhat different experimental conditions 
[9], AMN fails to mimic the effect of gastric vagotomy. We 
conclude, therefore, that gastric vagal afferents are neces- 
sary for drinking elicited by histamine. 


EXPERIMENT 3 


Drinking in response to SC histamine is attenuated but 
not abolished by gastric vagotomy. This finding suggests that 
gastric vagal afferents are necessary but not sufficient for a 
normal drinking response to exogenous histamine. 





CONTROLS OF HISTAMINE-ELICITED DRINKING 


Histamine has well-known hypotensive effects [1] which 
may be important for the dipsogenic potency of systemic 
histamine. For example, drinking elicited by 6.6 mg/kg SC 
histamine is accompanied by a 25 mm hg decrease in mean 
blood pressure and a significant increase in plasma renin 
activity in the rat [12]. This can be interpreted as evidence 
for a peripheral renin-angiotensin mediation of histamine- 
elicited drinking. Consistent with this hypothesis is the finding 
that bilateral nephrectomy attenuates drinking in response 
to systemic histamine [5,14]. The finding that nephrectomy 
attenuates but does not abolish drinking has been interpreted 
as evidence for a non-endocrine component for histamine’s 
dipsogenic property [4]—this non-endocrine component now 
having been identified (Experiment 2) as gastric vagal affer- 
ents. 

Should the mechanisms that control drinking in response to 
histamine be gastric vagus and peripheral renin-angiotensin, 
then gastric vagotomy plus blockade of the peripheral renin- 
angiotensin thirst mechanism should abolish drinking in re- 
sponse to SC histamine. This experiment tests this hypoth- 
esis by measuring drinking after SC histamine in rats with 
gastric vagotomy which have received systemic SQ14,225 
(Captopril) to inhibit the enzyme for the conversion of pe- 
ripheral angiotensin I to angiotensin II. 


METHOD 


Animals 


The nine rats who survived either gastric vagotomy or 
sham vagotomy in Experiment 2 were maintained as de- 
scribed for Experiment 2. 


Procedure 


Immediately following completion of Experiment 2 all 
rats were twice given experience being intubated with an 
infant feeding tube (8 French; Pharmaseal Inc., Toa Alta, 
Puerto Rico) to prepare them for the intragastric delivery of 
SQ14,225 (50 mg/kg, freshly prepared 25 mg/ml in 0.9% 
NaCl; Squibb Institute for Medical Research, Princeton, 
NJ). This dose of SQ14,225 is approximately 250 times the 
oral dose sufficient for a 50% inhibition of the pressor re- 
sponse induced by angiotensin I in the unanesthetized 
Sprague-Dawley rat and should, therefore, have provided 
total blockade of angiotensin I converting enzyme [18]. At 60 
min prior to the time of the test, rats were intubated 
SQ14,225 at a rate approximating 2 ml/min and returned to 
their home cages. One hour later rats received SC histamine 
(20 mg/kg) to begin the test. The procedures for the test were 
identical to those described for drinking tests in Experiments 
1 and 2. The 20 mg/kg dose of histamine was selected be- 
cause that dose elicits the maximal drinking response in va- 
gotomized (Experiment 2) and normal rats [5,9]. Data from 
the 20 mg/kg dose from Experiment 2 were used for the sake 
of comparing the effects of SQ14,225 for Fig. 2. Data were 
analyzed for only those rats who were later determined to 
have verified complete gastric vagotomy or sham vagotomy 
(see Experiment 2). 


RESULTS 


S$Q14,225 inhibited histamine-elicited drinking in both 
sham vagotomized rats and rats with complete transection of 
gastric vagi: Histamine-elicited drinking was inhibited by a 
mean of 1.2+0.1 ml/100 g in sham vagotomized rats and by a 
mean of 1.4+0.5 ml/100 g in rats with gastric vagotomy. The 
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FIG. 2. Mean 30-min drinking above baseline (SC 0.9% NaCl) in 
response to 20 mg/kg histamine (H) alone or following pretreatment 
with gastric vagotomy (VGX) and/or SQ14,225 (SQ). Vertical lines 
denote SE. H vs H VGX:p<0.05; H vs H SQ:p<0.01; H 
VGX SQ vs H VGX:p<0.05; H VGX SQ vs H 
SQ:p<0.02. 


net inhibition of drinking by SQ14,225 was not different in 
these 2 groups, #(16)=0.4, p>0.20. 

While histamine-elicited drinking was inhibited by 
S$Q14,225 by a mean of 61.3+10.2% in sham vagotomized 
rats, when SQ14,225 was given to rats with gastric vagotomy 
their drinking was abolished (Fig. 2) without evidence of 
debilitation or distress. (It is important to note that this dose 
of SQ14 while effective in preventing the conversion of 
peripheral angiotensin I to angiotensin II, is not a nonspecific 
inhibitor of drinking behavior in the rat [10] and it is not 
expected to augment hypotension induced by histamine 
[18].) 


DISCUSSION 


The finding that intragastric SQ14,225, an inhibitor of the 
enzyme for the conversion of angiotensin I to angiotensin II 
which fails to cross blood brain barrier [16,20], inhibits drink- 
ing elicited by histamine is preliminary evidence for a role for 
peripheral angiotensin II in histamine-elicited drinking. Be- 
cause $Q14,225 fails to cross blood brain barrier [6, 16, 20], 
and histamine should not cross blood brain barrier [1], struc- 
tures sensitive to angiotensin II and histamine outside the 
blood brain barrier are implicated as target sites for the dip- 
sogenic property of histamine. 

The fact that SQ14,225 attenuates but does not abolish 
histamine-elicited drinking (Fig. 2) is consistent with Fitzsi- 
mons’ [4] suggestion of a nonendocrine component of 
histamine-elicited drinking and the identification of that 
component as the gastric vagi (Experiment 2). Finally, the 
demonstration that the combination of gastric vagotomy with 
S$Q14,225 abolishes drinking after a dose of histamine that 
elicits a maximal drinking response leads us to conclude that 
drinking in response to exogenous histamine depends upon 2 
physiological controls—gastric vagal afferents and periph- 
eral renin-angiotensin, specifically angiotensin II. 





GENERAL DISCUSSION 


Drinking elicited by systemic histamine is attenuated by 
complete transection of vagal gastric sensory and motor fi- 
bers in the rat (Experiments | and 2). Peripheral cholinergic 
blockade of vagal efferents using atropine methy] nitrate fails 
to mimic the effect of either gastric vagotomy (Experiment 2) 
or total vagotomy [9] on histamine-elicited drinking. If 
cholinergic blockade of vagal efferents mimics the effects of 
transection of vagal efferents (while failing to affect drink- 
ing), then the effect of vagotomy on histamine-elicited drink- 
ing can be attributed to transection of vagal afferents. Thus, 
a normal drinking response to exogenous histamine depends 
upon the integrity of gastric vagal afferents. 

Drinking elicited by systemic histamine is also attenuated 
by SQ14,225-induced inhibition of the conversion of periph- 
eral angiotensin I to angiotensin II (Experiment 3) and by 
bilateral nephrectomy [5,14]. These findings suggest that pe- 
ripheral angiotensin II is a mediator of the effect of systemic 
histamine on drinking. Moreover, the combination of gastric 
vagotomy with SQ14,225 is sufficient to abolish histamine- 
elicited drinking (Fig. 2). In summary, these results together 
suggest that 2 mechanisms—an endocrine renal (angiotensin 
II) and a nonendocrine (gastric vagal}—are necessary for 
drinking in response to exogenous histamine. 

These findings are consistent with what is known about 
the physiology of storage and release of endogenous his- 
tamine in gastric mucosa which is found in relatively high 
concentration in a variety of mammals including rat [17]. For 
example, part of the histamine in gastric mucosa of the rat is 
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readily available for release upon eating [8]. Eating-elicited 
release of endogenous histamine depends upon vagal effer- 
ent function because release is attenuated by cholinergic 
blockade [2]. Thus, vagal efferents are important for the 
eating-elicited release of endogenous histamine and gastric 
vagal afferents are important for the drinking response to 
exogenous histamine (Experiment 2). 

Drinking in response to endogenous histamine may be a 
component of the drinking that is elicited by eating. This 
hypothesis follows from the fact that eating elicits the release 
of histamine from the stomach of the rat [8], and this hypoth- 
esis is supported by the findings that subdiaphragmatic va- 
gotomy inhibits eating-elicited drinking [11] and that periph- 
eral histamine (H,) receptor antagonism using cimetidine or 
metiamide attenuates eating-elicited drinking in the rat [9]. 

In summary, the findings reported here (1) identify a 
neurological substrate (gastric vagal afferents) and (2) 
suggest an endocrine (angiotensin II) component for 
histamine-elicited drinking in the rat. These findings take on 
further importance given the recent demonstration of a 
vagally-mediated histaminergic component of food-related 
drinking [9] and the tantalizing finding that angiotensin II in 
blood is increased following a meal [7] in the rat. 
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GRANNEMAN, J.G. ANDG. N. WADE. Effects of photoperiod and castration on post-fast food intake and body weight 
gain in golden hamsters. PHYSIOL. BEHAV. 28(5) 847-850, 1982.—This experiment examined the effects of photoperiod 
and castration of post-food-restriction food intake and body weight gain in male golden hamsters (Mesocricetus auratus) 

Hamsters were ether castrated or sham-operated and housed in a 14:10 light-dark (LD) or a 8:16 LD cycle for 8 weeks. All 
animals were restricted to a 6 g of chow per day for 13 days and then returned to ad lib feeding. Following food restriction the 
hamsters gained weight rapidly without overeating. The long photoperiod (LD 14:10) increased post-restriction weight gain in 
castrated hamsters but decreased weight gain in gonadally intact animals. These differences in body weight gain were 
associated with significant group differences in feed efficiency (grams weight gain per gram eaten). The results suggest that 
changes in energy utilization may be more important than changes in energy intake in the adaptation of hamsters to food 


restriction. 


Golden Hamsters Castration Photoperiod 





MANY animals that are allowed only brief or intermittent 
access to food compensate by increasing their intakes when 
food is freely available [7]. Hamsters, however, fail to in- 
crease food intake when placed on various schedules of lim- 
ited food availability and, as a result, may lose a large frac- 
tion of their body weight [2,14]. The reason for the lack of 
post-fast hyperphagia is not well understood; however, Sil- 
verman and Zucker [14] have suggested that the metabolism 
of hamsters may be unable to support large increases in 
caloric intake. 

One factor which affects both the behavior and metabo- 
lism and body weight of hamsters is photoperiod length [3, 4, 
6]. Because experiments which demonstrated the lack of 
post-fast hyperphagia were conducted in non-stimulatory 
photoperiods (i.e., 12 hours light), we sought to determine 
whether photoperiod length influences feeding behavior and 
body weight under various conditions of food availability. 

Short photoperiods induced testicular atrophy [8], and 
withdrawal of gonadal androgens is known to alter feeding 
behavior and body weight of hamsters [9, 18, 19]. In order to 
separate the effects of photoperiod from the functional cas- 
tration produced by short day length, we also examined the 
effects of surgical castration. 





Food intake 


Body weight Feed efficiency 


METHOD 


Experiments were conducted from June to mid-August. 
Sixty male golden hamsters (Mesocricetus auratus) weighing 
about 100 g were obtained from Charles River Breeding 
Laboratories (Lakeview, NJ). Hamsters were initially 
housed in two separate rooms, each on a 14:10 light-dark 
(LD) cycle (lights on at 0500). Half of the hamsters from each 
room were castrated, and one day post-surgery one room 
was changed to a 8:16 LD cycle (lights on at 0500). 

Hamsters remained in the two lighting conditions with 
Purina rodent chow and tap water available ad lib for 8 
weeks. At the end of this period, ad lib food intake and body 
weight were recorded daily for 5 days; then animals were 
restricted to 6 g chow per day for 13 days. Subsequently, 
animals were allowed unrestricted access to food, and food 
intake and body weight measurements continued daily for 
the next 12 days. On day 12 of restriction and on the second 
day after food restriction, the latency for hamsters to eat 
freshly supplied food was recorded. 

Data were analyzed by means of analyses of variance, 
except where otherwise noted. 
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FIG. 1. Effect of castration and photoperiod on body weight. Points 
are means+SEM. 
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FIG. 3. Effect of food restriction on latency to eat. 


RESULTS 


In the first month after the treatments were introduced, 
body weight of all hamsters increased, then leveled off into a 
remarkably consistent steady-state (Fig. 1). Compared to in- 
tact hamsters, castration increased body weight of hamsters 
maintained on a 14:10 LD cycle, F(1,46)=10.24, p<0.005, 
but did not increase body weight of castrated hamsters in the 
8:16 LD cycle when animals reached steady-state (Fig. 1). 
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FIG. 2. Effect of photoperiod and castration on food intake pre- and 
post-food restrictions. 


The body weight gains of intact hamsters maintained in the 
different photoperiods and castrated hamsters maintained on 
the 8:16 LD cycle did not differ reliably from each other. 

For comparison, food intake was averaged over the 5 
days immediately prior to restriction (Fig. 2). Castrated 
hamsters maintained in the long photoperiod ate more than 
the remaining groups, F(1,46)=5.79, p<0.025, which did not 
differ reliably from each other. Food intake did not increase 
after restriction, regardless of whether the comparison is 
made with the first day of ad lib intake or with the average 
intake for the first 5 or 12 days. Despite the fact that ham- 
sters did not increase food intake after restriction, during 
restriction hamsters began to eat within 2 minutes after fresh 
food was offered (Fig. 3). This latency was significantly 
shorter than on the second day that food was continuously 
available. 

During restriction, hamsters maintained on a 14:10 LD 
cycle lost significantly more weight than hamsters main- 
tained in the short photoperiod, F(1,46)=7.57, p<0.01 (Fig. 
4). There was no significant interaction between castration 
and photoperiod on weight loss during restriction. 

Changes in body weight on the first day after restriction are 
heavily biased by gut filling; therefore, data from day 2 to day 12 
post restriction were analyzed for the recovery period (Fig. 5). 
Analysis of variance revealed that there was no simple effect of 
either castration or photoperiod on recovery of body weight 
after food restriction, but there was a significant interaction 
between two variables, F(1,46)=10.82, p><0.01. After food re- 
striction, castrated hamsters maintained in the long photo- 
period recovered body weight faster than the castrated ham- 
sters in short photoperiods, F(1,46)=4.03, p<0.05; the oppo- 
site effect of photoperiod was observed in intact hamsters, 
F(1,46)=6.92, p<0.025. 

Differences between groups in the recovery of body 
weight were reflected in the ‘‘feed efficiency”’’ of the groups 
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(Table 1). Feed efficiency, expressed as grams body weight 
gained per gram food eaten, was lowest in intact hamsters 
maintained in long photoperiod, and significantly greater in 


intact hamsters maintained in the short photoperiod, 
F(1,46)=10.1, p<0.01, and castrated animals maintained in 
the long photoperiod, F(1,46)=4.90, p<0.05. 


DISCUSSION 


This experiment examined the effects of photoperiod and 
castration on feeding behavior and body weight under var- 
ious conditions of food availability. In the first phase of these 
experiments, we replicated earlier findings by showing that 
castration increased food intake and body weight in male 
hamsters (housed in long photoperiods). In addition, the 
present experiments demonstrate that the effect of castration 
is dependent on photoperiod. This finding is not surprising, 
perhaps, given the fact that short photoperiods suppress tes- 
tosterone but decrease body weight [5,8]. Nevertheless, 
these results demonstrate that the stimulation of food intake 
and body weight by castration is not simply due to a lack of 
androgens, but that the stimulatory effects of castration are 
suppressed by short photoperiods. This observation is re- 
miniscent of recent findings which indicate hamsters are less 
sensitive to hormonal stimulation during short photoperiods 
[3,6]. 

The ability to increase food intake after food restriction 
varies according to season in several species including 
ground squirrels [1, 12, 13] and wild rats (Fabry et al., cited 
by Simek [17]). The present experiment, however, demon- 
strated the lack of post-fast hyperhpagia in hamsters is not 
influenced by photoperiod or level of androgens. Thus, 
metabolic and behavioral changes induced by variations in 
photoperiod or testosterone levels are not sufficient to per- 
mit elevated caloric intake. Whether seasonal variations in 
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metabolism which are not controlled by photoperiod influ- 
ence feeding behavior is not known. However, it is interest- 
ing to note that Simek [16,17] has observed seasonal varia- 
tion in the metabolism of intermittently starved hamsters 
maintained under standard laboratory conditions (i.e., LD 
12:12 at 22°C). 

Although hamsters did not increase food intake despite 
significant loss of body weight, one cannot conclude that 
hamsters are insensitive to the effects of food deprivation, 
because during food restriciton, hamsters began to eat within 
2 min after fresh food was offfered. Thus, food-restricted 
hamsters are behaviorally responsive to food deprivation de- 
spite the fact they do not increase food intake over 24 hours. 
This observation suggests that the failure of hamsters to in- 
crease 24-hour food intake may be related to factors which 
limit food intake after the animal begins to eat, and is consis- 
tent with the hypothesis of Silverman and Zucker [14] that 
the metabolism of hamsters may be unable to support in- 
creased caloric intake. 

The changes in body weight observed in the present ex- 
periment are difficult to explain simply in terms of the treat- 





ments employed. During food restriction animals lost weight 
at different rates. Because animals received the same fixed 
ration, these differences are probably due to differences in 
energy expenditure. A major component of daily energy ex- 
penditure is strongly related to the size of the animal [4]. 
Consistent with this notion is the fact that loss of body 
weight was correlated with initial body weight (which the 
ration supported) similarly in castrated hamsters and intact 
hamsters in the short photoperiod (y=.361x—25, r=.79, 
p<0.01). Thus, variations in initial body weight seem to ac- 
count for differences in loss of body weight in these groups. 
Curiously, loss of body weight in intact animals maintained 
in the stimulatory photoperiod did not correlate with the 
initial body weight (y—.025x+21.2, r=.06, NS). Because 
these animals are the only group with normal testosterone 
secretion, gonadal androgens may be important determi- 
nants of weight loss in these animals. Possible mechanisms 
for this increased energy expenditure include testosterone- 
induced physical activity [5,6] and nonshivering ther- 
mogenesis by brown adipose tissue. 

The factors governing recovery of body weight are less 
certain because animals in the different groups lost different 
absolute and relative amounts of weight during restriction 
and ate different amounts of food during recovery. If one 
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corrects for differences in food intake by expressing body 
weight gain, relative to food intake (i.e., *‘feed efficiency’’), 
it appears that recovery of body weight is significantly im- 
paired only in intact hamsters maintained in the long photo- 
period. The rate of weight gain observed in these animals is 
difficult to explain, because it was slow despite the fact that 
loss of body weight was as great as castrated hamsters in 
14:10 LD, and greater than that of animals in 8:16 LD (cf. 
{[2]). Again, it is possible that testosterone may influence rate 
of weight gain in these animals. 

Finally, it is important to note that after food restriction 
hamsters recover body weight without increasing food intake 
[2]. In the present experiment, the rate of body weight gain 
over the same range of body weight was 50-80% faster after 
restriction than prior to restriction. Post-fast increases in 
“‘efficiency’’ have been noted for several species [10,11], and 
may be a particularly important means by which hamsters 
adapt to periodic food restriction. 

In summary, the results of the present experiment 
demonstrate that post-starvation food intake, of hamsters, is 
not influenced by castration or photoperiod length. In addi- 
tion, these results suggest that changes in energy utilization 
may be more important than changes in energy intake in the 
adaptation of hamsters to food restriction. 


REFERENCES 


1. Armitage, K. B. and E. Shulenberger. Evidence for a circannual 
metabolic cycle in Citellus tridecemlineatus, a hibernator. 
Comp. Biochem. Physiol. 42A: 667-688, 1972. 

. Borer, K. T., N. Rowland, A. Mirow, R. C. Borer, Jr. and R. P. 
Kelch. Physiological and behavioral responses to starvation in 
the golden hamster. Am. J. Physiol. 236: E105-E122, 1979. 

. Campbell, C. S., J. S. Finkelstein and F. W. Turek. The inter- 
action of photoperiod and testosterone on the development of 
copulatory behavior in castrated male hamsters. Physiol. Be- 
hav. 21: 409-415, 1978. 

. Cumming, M. C. and S. E. Morrison. The total metabolism of 
rats during fasting and refeeding. J. Physiol. 154: 219-243, 1960. 

. Ellis, G. B. and F. W. Turek. Changes in locomotor activity 
associated with the photoperiodic response of the testes in male 
golden hamsters. J. comp. Physiol. 132: 277-284, 1979. 

. Ellis, G. B. and F. W. Turek. Testosterone and the photoperiod 
interact to regulate daily locomotor activity in male golden 
hamsters. Fedn Proc. 40: 307, 1981. 

. Fabry, P. Feeding Pattern and Nutritional Adaptations. Lon- 
don: Butterworth, 1969. 

. Hoffman, R. A., R. J. Hester and C. Towns. Effect of light and 
temperature on the endocrine system of the golden hamster 
(Mesocricetus auratus Waterhouse). Comp. Biochem. Physiol. 
15: 525-533, 1965. 

. Kowalewski, K. Effect of pre-pubertal gonadectomy and treat- 
ment with sex hormones on body growth, weight of organs and 
skin collegen of hamsters. Acta endocr. 61: 48-56, 1969. 

. Levitsky, D. A., I. Faust and M. Glassman. The ingestion of 
food and the recovery of body weight following fasting in the 
naive rat. Physiol. Behav. 17: 575-580, 1976. 


11. Melnyk, R. B. and M. Boshes. Efficiency of food utilization 
during body weight gain in dormice (Glis glis). Physiol. Behav. 
24: 1017-1021, 1980. 

12. Mrosovsky, N. and K. C. Fisher. Sliding set points for body 
weight in ground squirrels during the hibernation season. Can. 
J. Zool. 48: 241-247, 1970. 

13. Mrosovosky, N. and P. F. Sherry. Animal anorexias. Science 
297: 837-842, 1980. 

14. Silverman, H. J. and I. Zucker. Absence of post-fast food com- 
pensation in the golden hamster (Mesocricetus auratus). 
Physiol. Behav. 17: 271-285, 1976. 

. Simek, V. Influence of short-term and long-term intermittent 
fasting on morphological changes of the digestive system of the 
golden hamster (Mesocricetus auratus). Acta Soc. zool. 
bohemoslav. 33: 151-161, 1969. 

. Simek, V. Energy metabolism of golden hamsters adapted to 
intermittent fasting: influences of season and sex. Physiol. 
bohemoslav. 23: 437-446, 1974. 

. Simek, V. Effect of sex and season on the production and 
deposition of lipid and glycid reserves in the intermittently 
starving golden hamsters. Physiol. bohemoslav. 24: 183-190, 
1975. 

. Swanson, H. H. Effects of pre- and post-pubertal gonadectomy 
on sex differences in growth, adrenal and pituitary weights of 
hamsters. J. Endocr. 39: 555-561, 1967. 

. Zucker, I., G. N. Wade and R. Ziegler. Sexual and hormonal 
influences on eating, taste preferences, and body weight of 
hamsters. Physiol. Behav. 8: 101-111, 1972. 





Physiology & Behavior, Vol. 28, pp. 851-854. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A 


Pupillary Activity Measured by 
Reflected Infra-Red Light 


J. M. CASSADY, G. R. FARLEY, N. M. WEINBERGER AND L. M. KITZES' 
University of California, Irvine, CA 92717 


Received 29 June 1981 


CASSADY, J. M.,G. R. FARLEY, N. M. WEINBERGER AND L. M. KITZES. Pupillary activity measured by reflected 
infra-red light. PHYSIOL. BEHAV. 28(5) 851-854, 1982.—A simple, reliable and inexpensive device for continuously 
monitoring pupillary changes is described. It is an improved version of a device first suggested by L. Stark. Infra-red light is 
transmitted to the iris and reflected back onto the receiver. Consequently, the device is effective only if the eye is immobile. 
Pupillometer ouput was related linearly to measurements made directly from motion pictures of pupil mobility. Experi- 
mental data are presented which demonstrate the stable baseline and minimal noise levels of the pupillometer in a 


conditioning experiment using paralyzed cats. 


Pupillometer Conditioned response 


MEASUREMENT of pupil size has been found useful in 
variety of clinical and experimental situations. Static pupil- 
lary diameter has been measured by direct observation via 
an operating microscope [5] and by photography [8, 11, 19]. 
Pupillary motility has been measured by cinematography 
[10], by reflected light from the iris to a photocell outside of 
the eye [11, 15, 21], by direct light through the lens to a 
photocell within the eye [17] and by using a laser device [4]. 
In the latter case, the iris is scanned 50 times per second, 
producing a continuous representation of pupil diameter. 
Human pupillary size has been monitored by television [6, 7, 
20] and most recently this technique has been adopted for 
use with animals [12]. The devices used by these researchers 
are somewhat complex and expensive. We sought a simple, 
reliable and inexpensive method to continuously monitor 
pupillary behavior in paralyzed cats during the acquisition or 
performance of a Pavlovian conditioned response. 

The pupillometer described here developed from the 
work of Lawrence Stark [14, 15, 16, 21]. It measures the area 
of the pupil by monitoring the amount of projected infra-red 
light that is reflected from the iris to a photovoltaic sensor. 
The DC voltage output of a circular photovoltaic sensor is 
proportional to the size of the iris and is, therefore, inversely 
proportional to the area of the pupil. Although we have not 
systematically studied the influence of eye color, the amount 
of light reflected from the iris should also be proportional to 
iris pigmentation. This technique may therefore be inappro- 
priate for lightly pigmented irises. The pupillometer de- 
scribed in this paper is useful in preparations where one 
dimension of the pupil (e.g., height) is fixed and the eye is 
motionless with respect to the recording device. Since the 
measurement of pupil size depends on the amount of light 
reflected from the iris, any deviation of the eye relative to the 
pupillometer would alter both the baseline and sensitivity of 
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the analysis. We have used the pupillometer exclusively in 
experiments with paralyzed cats and found it to be reliable 
and easily positioned in front of the eye from subject to 
subject. It is small and inexpensive to fabricate. 


PHYSICAL DESIGN 


The pupillometer has three components: (1) shell, (2) 
infra-red source and (3) infra-red detector. The shell is a 60 
mm long piece of 36 mm poly-vinyl chloride (PVC) pipe, 
commonly used for home sprinkler systems (Fig. 1A). Three 
infra-red transmitting bulbs (wavelength at peak emmis- 
sion=9400 A; wavelength range=8600-9600 A; Archer 
TIL-32) are placed in holes drilled in the wall at one end of 
the cylinder. The bulbs protrude slightly from the mouth of 
the cylinder and slant inwardly, orientated about 30 degrees 
from the long axis of the cylinder, and defining an equilateral 
triangle with respect to the circumference of the cylinder. A 
circular, insulated silicon photovoltaic cell (Silicon Sensors 
Inc., SSG-30), 38 mm in diameter, is secured to the back of 
the cylinder. The response time of this photovoltaic cell is 
less than 20 microseconds and it can operate in temperatures 
from —65°C to 175°C. The use of infra-red transmitters and 
receivers permits the monitoring of pupil area in a com- 
pletely darkened room with minimal light feedback to the 
retina as the pupil expands or contracts. If this is not a criti- 
cal concern of the application, super-bright LEDs (red, 
CM4-282B) or comparable bulbs may be substituted as the 
light source. The device is light (75 g) and compact. A rod 
screwed into the cylinder wall supports the device and is 
used to position the pupillometer in front of the eye. 


AMPLIFICATION 


The circuit for amplifying the DC signal generated by the 
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FIG. 1. A. Diagram of pupillometer. Hatched area is photo cell. 
Vertical rod is support for placement of pupillometer. B. Circuit 
diagram of the pupillometer. Parts list: R1=100 ohms, 1 watt resis- 
tor; R2=47K ohms resistor; R3, R6=1K ohms, 1% resistor; R4, 
R7=910 ohms, 1% resistor; RS=100K ohms, 1% resistor; R8=9.1K 
ohms, 1% resistor; R9=47 ohms resistor; RI0=150 ohms, 5 watt 
resistor; Cl1=100 pF capacitor; P1=1K ohms, 10 turn potentiometer; 
Z1=Zener diode, 6.2 volt (1N4735); D1, D2, D3=Infra-red/Super- 
bright LEDs; SCl=solar cell (SSG-30LC); IC1l=operational 
amplifer (4A725); IC2=operational amplifier (uA741). The “A725 
must be frequency compensated according to the manufacturer’s 
specifications: a 47 ohm resistor in series with a 0.01 uF capacitor 
connected between pin 5 and ground. 


photovoltaic cells is shown is Fig. 1B. The major component 
is a Fairchild “A725 operational amplifier featuring low 
offset voltage and low current drift with temperature and 
time, low noise, high power supply rejection, high common 
mode rejection, and high gain. Light sources D1, D2, and D3 
generate light which is directed at the eye and is reflected 
from the iris back to the photovoltaic cell (SC1). The photo- 
voltaic cell generates a voltage proportional to the amount of 
reflected light, which is inversely proportional to the area of 
the pupil. This voltage is led to IC1 which inverts, amplifies 
(100 gain), and serves as a low pass filter (3 dB cutoff fre- 
quency=16 kHz). The output of IC1 is then led to IC2 which 
further amplifies the signal by a factor of 10 and provides 
circuit output. Potentiometer P1 provides a DC offset volt- 
age which allows the DC signal of the pupillometer to be 
centered in a voltage range appropriate for the recording 
equipment being used. The portion of the circuit involving 
Z1, R1, and R2 provides a stable reference voltage for this 


CASSADAY ET AL. 





PUPIL AREA (Arbitrary Units) 


REE a a 
10 20 30 
PUPIL DIAMETER (mm) 





FIG. 2. Validation of pupillometer measurements. Pupil area as 
determined by the pupillometer (ordinate) is compared with pupil 
diameter measured from photographic images (abscissa). The three 
symbols (closed circles, open circles and open triangles) represent 
measurements from three mild shock trials (30 scores/trial). 


function. The pupillometer has low noise and almost no drift. 
In our laboratory the output of this circuit is led to either a 
low-level DC pre-amplifier or directly to the DC driver 
amplifier of a polygraph (Grass Model 7) where it is recorded 
on chart paper. Maximal responses of the pupillometer may 
be obtained by monitoring the signal with the polygraph 
while adjusting the distance between the pupillometer and 
the eye. Optimal separation is approximately 1-2 centimeter. 


VALIDATION 


In order to check the response characteristics of the pupil- 
lometer, the output of the circuit was compared to motion 
pictures (32 frames/sec) of the contralateral pupil on a frame 
by frame basis. The subject was a paralyzed cat which was 
intubated and artificially ventilated (see [13] for a more de- 
tailed description of these procedures). The pupillometer 
was placed in front of the right eye of the cat and a light film 
of ophthalmic ointment (Terramycin) spread on the cornea to 
prevent it from drying. A contact lens (courtesy of Dr. Ste- 
ven Downs, Coast Contact Lens Co., Huntington Beach, 
CA) with a 1 mm scale was fitted to the left eye of the cat. A 
movie camera with a close-up lens was used to photograph 
the left eye of the cat. Mild paw-shock was used to evoke 
moderate pupillary responses. Onset of shock was indicated 
on the film by the brief (100 msec) illumination of a small 
light located lateral and posterior to the left eye. Thirty 
frames were examined on each of three shock trials. Each 
frame was projected on a screen with a calibrated scale 
matched to projected markings from the contact lens. These 
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markings were further subdivided into 10 equal intervals 
which gave a resolution of 0.1 mm. The results are seen in 
Fig. 2: pupil area as determined by the pupillometer focused 
on the right eye is compared with pupil diameter determined 
by measurements from the film of the left eye. Consensual 
pupillary responses were used because the camera and pupil- 
lometer could not be focused upon the same eye. The result- 
ing function is linear (r=.99; N =90) from about 0.2 to 3.5 mm 
of pupil diameter. 


EXPERIMENTAL DATA 


Experimental details can be found in the following studies 
which used this pupillometer: [1, 2, 3, 9, 18]. In general, cats 
were paralyzed with gallamine triethiodide (10 mg/kg/hr), intu- 
bated, artificially ventilated and presented a series of trials 
consisting of auditory white noise bursts (1 second duration) 
and mild electrocutaneous paw shocks (0.5 second duration). 
Calibration of the pupillometer was obtained by having a 
maximal pupillary response produced by paw shock result in 
a maximal excursion of the polygraph pen. The minimal 
shock level which produced a robust pupillary response was 
determined in each experiment. The white noise burst was 
6 dB above ambient noise level, determined at the ear canal. 
Measurements of pupillary activity (dilation up) for selected 
single trials from one subject during various phases of train- 
ing are presented in Fig. 3. The pupil response to white noise 
followed by paw shock (i.e., Pavlovian conditioning 


paradigm) is shown in Figs. 3C-3F, where an increase in 
pupil size during the white noise indicates that conditioning 
of the response has occurred. The diminished pupil response 
to inconsequential white noise signals before conditioning is 


shown in Figs. 3A—3B and the diminished pupil response to 
white noise after conditioning is shown in Figs. 3G-3H. The 
pupil response to paw shock alone is shown before (Fig. 3J) 
and after conditioning (Fig. 3K) and demonstrates no change 
in the response attributable to the procedures. The stable 
baseline and minimal noise levels shown in these figures are 
typical of the pupillometer circuit. 




















PUPIL AREA (Arbitrary Units) 








TIME (sec) 


FIG. 3. Selected single trial pupillary dilation responses for a single 
cat under several training conditions. A rise in the curve indicates 
increased pupillary dilation. The black bar indicates white noise 
presentation; the arrow indicates paw shock presentation. (A) and 
(B) decreased response to white noise alone before conditioning, (C) 
to (F) increased response to white noise as a function of paired white 
noise and shock (conditioning) trials, (G) and (H) decreased re- 
sponse to white noise alone after conditioning, (J) response to shock 
alone before conditioning, and (K) response to shock alone after 
conditioning. 
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MICELI, M. O. AND C. W. MALSBURY. Availability of a food hoard facilitates maternal behaviour in virgin female 
hamsters. PHYSIOL. BEHAV. 28(5) 855-856, 1982.—Virgin female hamsters which were either allowed or not allowed to 
hoard food were tested for maternal behaviour. All the animals allowed to hoard food had displayed maternal behaviour by 
the end of the testing period. In contrast, only 60% of the animals not allowed to hoard had met our criterion for maternal 
behaviour. These findings are discussed in relation to the hamster's postpartum cannibalism of pups. 


Hamster Maternal behaviour Pup cannibalism 


Food hoarding 


FEMALE virgin hamsters will react in one of two ways upon 
first presentation of foster pups. They either retrieve pups 
and show other characteristic maternal behaviours, or can- 
nibalize pups [1,3]. Unlike in the rat, the hamster’s be- 
haviour towards foster young does not appear to be influ- 
enced by ovarian steroids [1,7]. External stimuli, however, 
can have profound effects on this behaviour. Factors that 
influence maternal responsiveness in the nulliparous hamster 
include: Age of test pups [4,5]; testing environment [1,6]; 
and the location of pup placement within the testing en- 
vironment [6]. For details, we recommend a recent review 
by Siegel and Rosenblatt [8]. 

We have recently discovered that the presence of a food 
hoard dramatically reduces the amount of pup cannibalism 
seen in lactating female hamsters (Miceli and Malsbury, in 
preparation). Given these results in the lactating hamster, we 
were interested in determining whether the opportunity to 
hoard food would decrease pup cannibalism and enhance 
maternal behaviour in virgin animals. 


METHOD 


Golden hamsters (Mesocricetus auratus) were born in our 
colony and were 90-120 days old. The colony was initially 
stocked with animals purchased from the Canadian Breeding 
Laboratories which obtain their stocks (LAK:LVG) from the 
Lakeview, NJ, Hamstery. Hamsters were weaned at 21 days 
and housed in sex segregated groups of three until the onset 
of the experiment. Five days before the first exposure to 
pups, females were singly housed in Plexiglas tub cages 
(22x44x20 cm) modified with a lid which allowed a wire- 
mesh tunnel ending in a food jar to adjoin the cage (see [2] for 
details). The experimental room was maintained at 21°C, 
with a 14:10 light/dark cycle. Cages were supplied with 
woodchips and strips of paper towelling as nesting material. 


Animals were randomly assigned to one of two groups 
Animals in the ‘**Hoard’’ group (n= 14) were allowed to hoard 
from the jar at the end of the tunnel containing 350 g of rat 
chow pellets. This jar was replenished weekly. Hamsters in 
the ‘‘Sham-Hoard’’ group (n=10) were given an identical jar 
at the end of the tunnel except that it was sealed with a 
perforated lid so that the animals could see and smell the 
pellets but not bring them back into the cage. These animals 
were provided with a daily ration of 30—40 g of pellets. This 
ration was placed in a food trough over the cage and is at 
least twice as much as a nulliparous hamster of this size and 
age will eat during a 24 hr period (Miceli and Malsbury, in 
preparation). 

After five days of housing under the Hoard or Sham- 
Hoard condition, animals were tested for maternal be- 
haviour. Tests were conducted daily in the animal room 
under dim illumination during the dark phase of the light 
cycle. Each test was begun by placing three freshly fed foster 
pups (0-4 days old) in a corner diagonally opposite to the 
animal’s established nest site while the adult stepped down 
from the tunnel into the cage on all four paws. At that point 
the animal’s behaviour was recorded for eight min. Any 
surviving pups were left in the cage until the next test. Daily 
testing continued until the animal met our criterion for mat- 
ernal behaviour, retrieval of all three pups on two consecu- 
tive days. Animals were tested to a maximum of 11 days. 
Hoarding activity for animals in the hoard group was moni- 
tored throughout the experiment. A hoard is defined as pel- 
lets weighing more than 2 g removed from the food jar and 
transported to the animal’s nesting area. 


RESULTS 
All but two of the animals in the hoard group had hoarded 
at least 20 pellets by the end of the testing period. One of 
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FIG. 1. Cumulative percentage of animals having met the criterion 
for maternal behaviour. 


these two had established a nest site over the food jar at the 
end of the tunnel. It can be seen in Fig. | that far fewer 
animals in the sham-hoard group became maternal by 11 
days than in the hoard group, x7(1)=6.72, p=0.001. During 
the tests, the majority of animals not showing maternal be- 
haviour were cannibalizing the pups. Fewer than 3% of the 
non-maternal animals were indifferent to pups or retrieving 
some pups but cannibalizing others. Figure | also illustrates 
that animals cannibalizing over several test days, up to 9 
consecutive days, will subsequently show maternal be- 
haviour. 


DISCUSSION 


The present data show that virgin hamsters tested under 
conditions which allow food hoarding are more likely to dis- 
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play maternal care and less likely to cannibalize pups. We 
were also able to replicate these results in a subsequent 
study [2]. We have demonstrated that the presence of a food 
hoard reduces pup cannibalism in lactating females and the 
present experiment indicates that this factor may operate in a 
similar way in virgin females. 

We have yet to elucidate the mechanism(s) by which food 
hoards reduce pup cannibalism and facilitate maternal be- 
haviour in female hamsters. In the present study Hoard and 
Sham-Hoard groups were exposed to equal amounts of food. 
Thus food related visual and odor cues, alone, do not ac- 
count for the hoard effect. The essential difference between 
groups in the present study is that Hoard group animals were 
able to carry food pellets from the food jar to the nesting 
area, and thus accumulate a hoard. In the lactating hamster 
we have demonstrated that the hoard effect is not mediated 
by the mere active transport of food pellets or inedible mate- 
rials (Miceli and Malsbury, in preparation). We believe that 
the same is likely to hold true for hoard facilitated maternal 
behaviour in virgin animals. One hypothesis we are currently 
testing is that hamsters scent-mark hoarded food, and that 
olfactory feedback from marked food mediates the reduction 
of pup cannibalism and the enhancement of maternal be- 
haviour in both virgin and lactating animals. 

Allowing nulliparous hamsters a food hoard may be a 
useful procedure for future studies in that it may eliminate 
floor effects (i.e., low rates of maternal responding in exper- 
imently untreated animals). Thus, the possible disruptive ef- 
fects of hormone manipulations, drug treatments or brain 
lesions may be more easily detected. 
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MICELI, M. O. AND C. W. MALSBURY. Sagittal knife cuts in the near and far lateral preoptic area-hypothalamus 
disrupt maternal behaviour in female hamsters. PHYSIOL. BEHAV. 28(5) 857-867, 1982.—Parasagittal knife cuts with a 
varied mediolateral position were placed along the medial preoptic-medial anterior hypothalamic continuum (MPOA 
MAH) in female hamsters. Near lateral (NL) knife cuts severed mediolateral connections between the MPOA-MAH and 
the medial forebrain bundle (MFB) while far lateral cuts (FL) were placed more laterally, sparing MPOA-MAH connections 
with the MFB. Across the knife cut condition, hamsters were either allowed to construct and maintain a food hoard or 
allowed to feed ad lib but not permitted to hoard. Animals were then tested for maternal behaviours. Both NL and FL cuts 
disrupted pup-directed behaviours in virgin maternal tests. NL, but not FL cuts severely disrupted nest building. These 
same animals were then mated and tested for maternal behaviour with their own young. There were no differences among 
the experimental groups in various maternal behaviours during these tests. Throughout lactation, however, the majority of 
NL and FL hamsters not permitted to hoard progressively cannibalized their entire litters. NL and FL counterparts with 
the hoarding opportunity, on the other hand, cannibalized fewer pups and reared healthy, moderate-sized litters that were 
smaller than those of surgical controls. That FL cuts were just as effective as NL cuts in disrupting pup-directed behaviour 
suggests that the mediolateral connections of the MPOA-MAH, other than with the MFB, are important for these be 


haviours. 
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THE medial preoptic area-medial anterior hypothalamic con- 
tinuum (MPOA-MAH) plays an important role in the con- 
trol of maternal behaviours in rats and hamsters. In rats, 
estrogen in the MPOA-MAH can facilitate the onset of mat- 
ernal behaviour in virgins [25], and lesions of, or sagittal 
knife cuts immediately lateral to this continuum can disrupt 
maternal behaviour in nulliparous and lactating rats [14, 22, 
24, 25, 33, 35]. In the hamster, similar sagittal cuts disrupt 
maternal behaviour in both virgin and lactating animals [20]. 
Thus the lateral connections of this area appear to be criti- 
cally important. 

Lesions of the lateral hypothalamus which encroach on 
the parafornical medial forebrain bundle (MFB) have also 
been reported to disrupt maternal behaviour in the rat [1]. 
This suggested to Numan [22] that the MPOA-MAH exerts 
its influence over maternal behaviour through its lateral con- 
nections with the MFB. 

The MPOA and MAH, however, also have laterally pro- 
jecting axons which cross the MFB and lateral hypothalamus 
[5,6]. These connections would have also been severed by 
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the sagittal knife cuts in the above mentioned studies. In 
order to determine whether lateral connections of the 
MPOA-MAH which cross the MFB are important for mater- 
nal behaviours we have compared the effects of sagittal- 
plane cuts placed either medial or lateral to the MFB 

In the previous study of the hamster, one of the most 
striking effects of medially-placed cuts was an increase in 
pup cannibalism [20]. Under usual laboratory housing con- 
ditions female hamsters cannibalize 20 to 70% of their pups 
within the first five days postpartum ([7], and personal ob- 
servations). We (Miceli and Malsbury, submitted) have re- 
cently found that the opprotunity to gather and maintain a 
food hoard throughout the reproductive period can dramat- 
ically reduce postpartum cannibalism in unoperated females. 
We, therefore, compared the effects of cuts in animals al- 
lowed to freely hoard with those in animals whose hoarding 
activity was restricted. 

The responses of females to pups were tested both pre- 
and postoperatively prior to mating, and again on days | and 
2 of lactation. Nest-building and food hoarding observations 
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FIG. 1. Housing and hoarding apparatus. A: Location of food trough for animals in the Sham-Hoard groups. B: Location of food jar for 


Hoard-group animals and the 


were taken both pre and postoperatively prior to mating, on 
day 15 of gestation, and on days 3, 9 and 15 of lactation. 
Body weight, litter weights, and litter sizes were also re- 
corded. 

METHOD 


Subjects 


Experimental and pup donor hamsters were purchased 
from the Canadian Breeding Laboratories which obtain their 
stocks (outbred strain LAK:LVG) from the Lakeview, NJ, 
hamster colony. At the onset of the experiment animals were 
90-110 days old and weighed 90-130 g. 


Housing and Maintenance 


At the onset of the experiment animals were transferred 
from suspended wire-mesh cages and permanently housed in 
solid bottom Plexiglas tub cages (27x44x20 cm). These 
cages were modified with a lid allowing a wire-mesh tunnel 
ending at a food jar to adjoin the cage (see Fig. 1). Animals 
were provided with woodchips and paper towelling for nest- 
ing material. The colony room was maintained on a 14:10 hr 
L:D cycle with lights on at 1600 hr. Room temperature was 
maintained at an average of 23°C. Water was available ad lib 
and Purina Rat Chow was available as described below. 


Experimental Design 


Sixteen animals received bilateral sagittal knife cuts im- 
mediately lateral to the MPOA-MAH. These cuts were in- 
tended to be placed medial to the MFB. Animals with such 
cuts are referred to as the Near Lateral (NL) hamsters. An- 
other 16 animals sustained cuts identical to the NL animals 
in the rostrocaudal extent, but lateral to the MFB, and are 
referred to as Far Lateral (FL) hamsters. Eight animals 
served as surgical controls. Across the surgical conditions, 
half the animals were allowed to construct and maintain a 
food hoard; the others were allowed to feed ad lib, but not to 
hoard, thus yielding a surgical x hoarding condition factorial 
design. 


‘**sham-hoard”’ for Sham-Hoard hamsters. 


Surgery 


Surgery was performed under sodium pentobarbital (65 
mg/kg) anesthesia. Within 10 days after all preoperative test- 
ing, animals were placed in a stereotaxic instrument with the 
head adjusted such that the midline suture between bregma 
and lambda was on a horizontal plane. The knife cuts were 
placed according to a skull-flat atlas of the hamster hypothal- 


amus [18]. Coordinates for NL cuts were 1.7 mm anterior to 
bregma and 1.1 mm lateral to the midline; and for FL cuts, 
1.7 mm anterior to bregma and 2.1 mm lateral to the midline. 

The knife assembly and carrier used to make the cuts are 
described by Scouten, Cegavske and Rozboril [32]. For both 
cuts (NL and FL) a 30 ga cannula was lowered 4.7 mm from 
the dura at which point a 0.1 mm tungsten wire was extruded 
- od mm, facing caudally in the sagittal plane. The cannula 


below the dura. At this point the wire was retracted back into 
the cannula and the cannula withdrawn from the brain. Con- 
trol animals had the cannula lowered 4.7 mm from the dura, 
but the wire was not extended nor was the cannula lowered 
further. Half of the surgical shams had the cannula lowered 
at 1.1 mm lateral to the midline, and the other half at 2.1 mm 
lateral. After knife cuts or sham cuts were made bilaterally, 
holes were sealed with bone wax and wounds closed with 
silk sutures. 


Feeding and Hoarding Arrangements 


The hoarding manipulation became effective once 
animals were housed in the Plexiglas cages. Those animals 
allowed to hoard were given free access to a food jar holding 
approximately 100 pellets (300-400 g). Hoarded food re- 
mained undisturbed until the weekly cage changes or just 
before maternal tests described below. At these times, a 
fresh cage with a replenished food jar was provided, allowing 
the hoarding process to begin again. These groups are re- 
ferred to as the Hoard (HD) groups (Sham-HD, NL-HD, and 
FL-HD). Other groups were given what we have called a 
‘*sham-hoard’’, that is, a jar of pellets identical to that in HD 
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FIG. 2. Experimental protocol outlining the testing schedule. 
*Vocalization data are reported elsewhere. 


groups except it was sealed with a perforated lid so that these 
animals could see and smell the food, but not feed or hoard 
from the jar. Food for these animals was provided over the 
cage in a trough in the cage lid. Throughout the experiment 
these animals were given a daily ration of 7-9 pellets (30—40 
g). This ration provides more food than cycling, pregnant, or 
lactating animals (nursing moderate sized litters) will eat in 
one day ({9], Fleming and Miceli, unpublished, Miceli and 
Malsbury, in preparation). Pellet remains from the previous 
day were removed when fresh feed was provided. These 
animals formed the Sham-Hoard (SH) groups (Sham-SH, 
NL-SH, and FL-SH). 


Virgin Maternal Tests 


An overview of the schedule for behavioural testing and 
observations is provided in Fig. 2. All females were given 
two tests for maternal behaviour preoperatively. Maternal 
tests began by placing three 0-4 day old foster pups on the 
cage floor in a corner diagonally opposite to the subject’s 
established nest site, while the subject was positioned in the 
tunnel. In later tests, in which some animals did not build 
nests, pups were placed in a corner diagonally opposite to 
where the female was found before the test. The female’s 
behaviour was recorded at five sec intervals during an eight 
min test beginning when she stepped down out of the tunnel. 
The behavioural inventory included the following pup- 
directed activities: (1) approaching and withdrawing from 
pups; (2) sniffing, licking, or mouthing pups; (3) retrieval of 
pups; (4) lactating posture or crouching over pups; and (5) 
biting-attacking and eating pups. 

Pups not attacked or eaten during this test period were 
left 24 hr with the subjects, at which point testing was re- 


peated using three new foster pups. Those animals which 
cannibalized on the first test were also retested 24 hr later 
with three new foster pups. Again, those animals which had 
not cannibalized on the second test were left with the foster 
pups for another 24 hr. Prior to the second test and 24 hr 
later, the relative positions of the subject, nest, and if appli- 
cable, pups were recorded. The day before the first test, 
cages were changed and hamsters were given fresh strips of 
paper towelling with which to build nests. The day after the 
second test (approximately 72 hrs later) the quality of the 
nest built was rated on a three point scale. Two points were 
given to nests with finely shredded, tightly packed paper 
towelling. A zero was recorded in those cases where paper 
towelling was not gathered or shredded. Nests of inter- 
mediate quality were given one point. Hoarding data were 
collected on the same occasions as the nesting observations. 
The number of pellets in a hoard, if one was present, and its 
location within the cage were noted. A hoard was opera- 
tionally defined as 10 or more peilets removed from the food 


jar and piled or tightly packed in some other portion of the 


animal’s living quarters. Only pellets weighing more than 
two g qualified as hoarded pellets. Because of varying num- 
bers of pellets initially held in jars (attributable to general 
differences in pellet size) 100 pellets were counted in those 
cases where all the pellets were transported from the jar. 
These procedures were repeated postoperatively. 

Following the postoperative virgin maternal behaviour 
observations animals were mated with stud males for 3 hrs. 
In the NL group, three animals did not show regular estrous 
cycles (as determined by the Orsini method [26]) within 10 
days after surgery, and four animals were cycling, but did 
not show behavioural estrus. To induce receptivity, these 
seven animals were hormone primed prior to mating. Es- 
tradiol benzoate (62 ywg/kg) was administered 47 hr before, 
and progesterone (3 mg/kg), 5—7 hr before mating. Hormones 
were given by subcutaneous injection in approximately 0.1 
ml of oil. All but one of these animals became pregnant. The 
presence of a sperm plug or sperm in a vaginal smear indi- 
cated day 0 of pregnancy. 


Gestation and Postpartum Observations 


On Day 15 of gestation, nesting and hoarding observa- 
tions were made as described above. In this hamster colony 
animals gave birth between 1800 hr of one evening and 0600 
hr the next morning. During this period all but two animals 
were monitored at 10 min intervals. This was done in order 
to determine initial litter size and to detect early postpartun 
cannibalism. The end of parturition was determined by 
gently palpating the animals’ abdomens until no further pups 
could be detected in utero. For two animals this monitoring 
was not possible. The morning of, or after parturition is 
designated as Day 0 lactation. On Days | and 2 of lactation 
behavioural observations were made as in the virgin tests. 
Those animals with surviving pups were tested with three 
pups from their own litters, while those which had can- 
nibalized their entire litter prior to the first test were tested 
with three foster pups. Animals had the remainder of their 
litters returned to them at the end of the tests. Nesting and 
hoarding observations were repeated on Days 3, 9, and 15 
lactation. 


Body Weights 
Subjects were weighed at the onset of the experiment, 16 
days later (Preop), on the day of mating, on Day 16 of gesta- 
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FIG. 3. Photomicrographs (9x) of frontal sections showing the locations of bilateral sagittal-plane cuts from a female of the NL group (left 
column) and FL group (right column). The dorsal portions of the cuts are indicated by arrows. The rostrocaudal (AP) coordinates are taken 
from the atlas [18]. ac, anterior commissure; f, fornix; mah, medial anterior hypothalamus; mfb, medial forebrain bundle; mpo, medial 


preoptic area: pv 


tion, and on each successive day of lactation to Day 15. 
Surviving litters were also weighed on each day of lactation. 


Histology 


Animals were deeply anesthetized with sodium pen- 
tobarbital and perfused intracardially with saline followed by 
10% phosphate buffered Formalin. Brains were removed 
from the skull and stored in Formalin. Frozen brains were 
sectioned at 50 microns in the frontal plane and stained with 
hot formol-thionin [8]. 


RESULTS 
Histology 


Examination of the brain sections was conducted with the 
evaluator blind to individual subject’s behaviour. In order 
for cuts to be considered complete they had to extend ven- 
trally to the optic chiasm or the base of the brain and begin 
rostral to the anterior portion of the paraventricular nucleus. 


paraventricular nucleus; sc, suprachiasmatic nucleus; so, supraoptic nucleus 


It was decided a priori that those animals with cuts that did 
not meet these criteria would be placed in appropirate (HD 
and SH) surgical control groups. This was the case for one 
animal intended for the FL-HD group whose cuts began too 
caudal and did not extend ventrally to the optic chiasm. 
Because dorsolateral connections of the MPOA-MAH are 
considered important for maternal behaviour in rats [35]. 
cuts were considered to have begun rostrally at the ros- 
trocaudal level at which they extended at least | mm dorso- 
ventrally. 

Dorsally, typical cuts began just under, or in a few cases, 
infringing on the ventral portion of the anterior commissure 
at the rostral extent, and slightly dorsal to the paraventricu- 
lar nucleus at the caudal extent. This was the case for both 
NL and FL cuts. Cuts in both groups were reasonably sym- 
metrical rostrocaudally. However, there was some asym- 
metry mediolaterally. In the four most asymmetrical cases 
(one in NL-SH; two in the FL-HD; and one in the FL-SH 
groups) the cut was medial to the MFB on one side of the 
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TABLE | 
PREOPERATIVE PUP-DIRECTED RESPONSES 





Group % Maternal* % Cannibalizing? 





Sham 
Hoard 
Sham-Hoard 
Near Lateral 
Hoard 
Sham-Hoard 


Far Lateral 
Hoard 
Sham-Hoard 7 29 





*See text for criterion for maternal behaviour. 
*Cannibalizing on both tests. 


brain and lateral to the MFB on the contralateral side. These 
four animals were dropped from their original groups. Typi- 
cal NL cuts were 0.2-0.3 mm medial to the supraoptic nu- 
cleus anteriorly, and immediately lateral to the fornix 


posteriorly. FL cuts were lateral to or at the lateral edge of 


the supraoptic nucleus. Approximately 30% of the FL cuts 
and 50% of the NL cuts began rostrally at the level of the 
MPOA in the region of the anterior commissure and ended 
caudally at the level of the paraventricular nucleus. The re- 
maining cuts were placed slightly caudal, beginning ros- 
trocaudally at the level of the MAH. Illustrative histology is 
shown in Fig. 3. 


Prepartum Maternal Behaviour 


Preoperatively, virgin animals either cannibalized or re- 
trieved foster pups on their initial contact with them. Ap- 
proximately half the animals which cannibalized on the first 
preoperative virgin test showed a different response on the 
second test (i.e., either pup retrieval or no response towards 
pups). Retrievers on the first test were consistent with their 
pup-directed response on the second test. Because virgin 
hamsters that initially cannibalize and later retrieve pups 
show consistent retrieval after the transition [21], the criteria 
for maternal behaviour were that an animal had to have 
shown pup retrieval by the second test, or if no response was 
shown during the second test, animals had to have shown 
some evidence of maternal behaviour between the second 
test and observations taken 24 hr later. Three animals (one in 
the FL-SH and two in the NL-HD group) met the second 
criterion for maternal behaviour. During the observations 24 
hrs after the second test, warm pups were found in nest, 
under each of these experimental animals. 

Preoperatively, there were no significant differences in 
the type of response shown towards foster pups among the 
surgical groups. However, more animals with the hoarding 
opportunity behaved maternally than animals not permitted 
to hoard, x?(1)=4.33, p<0.05. These results are summarized 
in Table 1. 

The same criteria for maternal behaviour were adopted 
for postoperative virgin maternal tests. Postoperatively, the 
effects of the hoarding opportunity did not change from the 
preoperative period. HD groups had more maternal animals 


TABLE 2 
POSTOPERATIVE PUP-DIRECTED RESPONSES 





No 


Maternal Cannibals Response 


Group 





Sham 
Hoard 
Sham-Hoard 

Near Lateral 
Hoard 
Sham-Hoard 

Far Lateral 
Hoard 
Sham-Hoard 





than SH groups, x7(2)=7.91, p<0.05. While surgical sham 
groups gained maternal animals postoperatively, both NI 
and FL groups had animals that were previously maternal 
become cannibals after surgery. Analyses of the postopera 
tive data revealed that NL and FL groups had higher pro 
portions of cannibals than Shams, ,*(4)=18.95, p<0.001, and 
that NL and FL groups did not differ in proportions of can 
nibals and maternal animals. 

It can be seen in Table 2 that the disruptive effects of the 
knife cuts are more robust in the Sham-Hoard groups. For 
instance, 25% of the NL-HD and 40% of the FL-HD animals 
responded maternally during the postoperative tests, while 
no animals in the NL-SH and FL-SH groups did so. Small 
sample sizes did not allow statistical comparisons of individ 
ual elements of either maternal or cannibalistic behaviours 
displayed by intact and knife-cut animals. However, the 
maternal behaviours of knife-cut animals did not appear to 
differ from those of sham-operated animals. Similarly, the 
cannibalistic behaviours of knife-cut animals did not appear 
to differ from those observed during preoperative testing 


Prepartum Nest Building 


Nesting activity did not vary with the hoarding condition 
throughout the course of the experiment. For this reason, the 
Hoard and Sham-Hoard groups were collapsed for nesting 
comparisons. Preoperatively, the majority of animals built 
some sort of a nest (of either type | or type 2 quality). Post 
operatively, NL animals showed the greatest disruption of 
nest building. The majority of NL animals did not gather or 
shred strips of paper towelling (80% had a nest score of 0). In 
comparison, only 25% of the animals in the FL groups and no 
SHAMs had a nest score of 0. These differences are signifi 
cant, x” (4)=24.16, p<0.001. As shown in Fig. 4 (top), Fl 
animals showed only a mild impairment of nest building 
Most of these animals had a nest score of | (significantly 
more than NLs or SHAMs), though none built good (type 2) 
nests. Nesting data collected on Day 15 gestation were also 
statistically analyzed. Although all groups improved some 
what on nest quality, the nesting deficit persisted in NL, but 
not FL hamsters. 


Body Weight 


A three-way analysis of variance with repeated measures 
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FIG. 4. Percentage of animals in each group having built nests of 
different qualities during the two postoperative periods. *Different 
from shams, p<0.01; *different from FL’s, p<0.91. 


was used to test for differences in mean body weight among 
the groups at the preoperative, postoperative (PREMATING 
in Fig. 5), and Day 0 lactation weighings. All groups gained 
weight over time, F(2,58)=11.57, p<0.001. Overall, body 
weight did not differ with the hoarding condition, however, 
SHAM and FL animals with the hoarding opportunity did 
gain more weight from the pre-to postoperative period than 
their sham-hoard counterparts, F(2,58)=7.36, p<0.002. 
NL-HD and NL-SH animals showed comparable weight 
gains from the pre- to postoperative periods. It appears that 
the opportunity to hoard food does normally facilitate weight 
gain, and that the NL cuts produced a rapid weight gain 
regardless of hoard condition during the premating period. 
Weight gains over gestation (i.e., the difference between 
postoparative and Day 0 lactation body weights) were com- 
parable across all groups ( see Fig. 5). 

Comparison of lactational body weights of knife cut 
animals to surgical controls was not done because so few of 
them were actually nursing litters. Lactational body weights 
of HD and SH surgical shams were statistically examined. A 
two-factor analysis of variance with repeated measures 
comparing body weights of these two groups at Days 0, 5, 9, 
and 15 lactation and Tukey A tests comparing the groups at 
these time points reveal the following: Both groups lost 
weight over lactation, and Sham-HD animals were consis- 
tently heavier than the Sham-SH animals, F(1,17)=33.8, 
p<0.01, and F(5,35)=17.21, p<0.001, respectively. A group 
x days interaction was not found. The major finding from 
the post-hoc comparisons was that neither group had 
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FIG. 5. Mean body weights at different phases of the experiment. 


dropped to below premating body weight levels by Day 15 
lactation (cf., [9]). 


Food Hoarding 

A two-way analysis of variance with repeated measures 
was used to test for differences in the number of pellets 
hoarded by Sham-HD, NL-HD, and FL-HD groups at 
PREOP, POSTOP, Day 15 gestation, and Days 3 and 15 
lactation. No significant differences among the groups were 
found, but hoarding did increase over trials, F(4,56)=44.42, 
p<0.001. Subsequent post-hoc comparisons (Tukey A tests) 
indicated that in each of the groups the number of hoarded 
pellets did not change from the pre- to postoperative periods. 
All groups hoarded more during gestation and lactation than 
during both the pre- and postoperative premating periods, 
p<0.001. No significant differences between gestation and 
the end of lactation were found. These data are summarized 
in Table 3. 


Postpartum Nest Building 


All groups showed improvement in nest quality during the 
postpartum period (see Fig. 4 bottom). At Day 3 post- 
partum, there were no differences in the quality of nests 
built by animals of different surgical groups. It should be 
noted, however, that while NL animals gathered and shred- 
ded strips of paper towelling, the nests built by these animals 
were deficient in a manner that the a priori chosen rating 
criterion could not detect. Whereas, SHAM and FL animals 
had built their nests with a floor of woodchips and had incor- 
porated woodchips into nest walls, all but two of the NL 
animals had cleared the nesting area of woodchips and built 
their nests over the bare cage floor. 


Postpartum Maternal Behaviour 


On the postpartum maternal tests, groups did not differ in 
the type of response shown towards pups. Most animals re- 
trieved pups during the tests (see Table 4). Two-factor 
analyses of variance on the behavioural items and latencies 
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TABLE 3 


MEAN PELLETS HOARDED AT VARIOUS PERIODS OF 
THE REPRODUCTIVE CYCLE 





Hoard Group Preop Postop 


Gestation 


Number of Pellets Hoarded 


Postpartum 
Day 15 


Postpartum 
Day 3 





Sham 5 9.7 13.7 
Near Lateral 6.5 10.8 
Far Lateral $ 20.7 ype 


84.0 79.4 100.0 
62.4 60.5 60.2 
89.3 80.5 100.0 





TABLE 4 


PUP-DIRECTED RESPONSES ON THE SECOND 
POSTPARTUM MATERNAL TEST* 


TABLE 5 


MEAN FREQUENCY AND LATENCY OF BEHAVIOURAL ITEMS ON 
THE SECOND POSTPARTUM MATERNAL TEST 





% Both 


Group % Maternalt % Cannibalst Behaviours$ 





Sham 
Hoard \ 00 
Sham-Hoard ; 25 00 
Near Lateral 
Hoard 00 14 
Sham-Hoard 7 : 14 28 
Far Lateral 
Hoard ¢ 00 20 
Sham-Hoard 7 : 43 00 





*These results are identical to those of the first postpartum test. 

+ Animals retrieving all three test pups to the nest site during the 
test. 

Animals cannibalizing all three test pups during the test. 

§Animals retrieving one or more pups but cannibalizing the re- 
maining pups or retrieving all pups but cannibalizing one or more 
thereafter. 


indicated that groups differed only in one measure (see Table 
5). SH group animals showed longer retrieval latencies than 
HD group animals. This, however, is attributable to the fact 
that those animals not retrieving during a test were assigned 
a latency of eight minutes (the duration of the test). There 
were more of these cases in the SH groups than in HD 
groups. Pups were weighed and examined for general health 
daily. Surviving pups of animals from all groups had milk 
bands across their abdomens and appeared to be growing 
normally. 

A three-way analysis of variance with repeated measures 
was conducted to determine the significance of differences in 
litter size among the groups at parturition, and Days 5, 9, and 
15 lactation. In two cases (one in the NL-HD and the other in 
the NL-SH group) determination of pups present at parturi- 
tion was not possible. These missing values were determined 
by a least-squares estimate and were included in the statisti- 
cal analyses. Bias introduced to treatment sums of squares 
by these estimates was partialled out by a statistical proce- 
dure described by Snedecor [34]. A third animal (from the 
NL-HD group) did not become pregnant and was not in- 


Behavioural Item 


Sniff Lick Mouth Retrieve 
Group (f) (f) (f) (f) 





Sham 
Hoard 
Sham-Hoard 
Near Lateral 
Hoard 
Sham-Hoard 
Far Lateral 
Hoard 5 , 1.7 
Sham-Hoard 0.6 





Behavioural Item 


% of Animals 
With a Litter 
Surviving to 
Day 15 
Lactation 


Retrieval Nest 
Latency Crouch Repair 
Group (sec) (f) (f) 





Sham 
Hoard 11.0 
Sham-Hoard 147.2" 
Near Lateral 
Hoard 18.6 
Sham-Hoard 90.0* 
Far Lateral 
Hoard 21.0 
Sham-Hoard 186.2* 





(f), frequency; (sec), seconds. 
*Greater than corresponding Hoard group, p<0.01. 


cluded in any of the postpartum analyses. Litter size for all 
groups decreased over lactation, F(8,232)=84.96, p<0.001. 
Overall, sham operated animals had larger litters than knife 
cut animals, F(2,29)=5.46, p<0.01, and those animals given 
the opportunity to hoard food had larger litters than those 
given daily food rations, F(2,29)=33.49, p<0.001. Surgical 
factor x hoarding factor and surgical factor x hoarding fac- 
tor < time factor interactions were not significant. Time 
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FIG. 6. Mean litter size throughout the first 15 days of lactation. 


factor surgical factor and time factor =x hoarding fac- 
tor interactions, on the other hand, were significant, 
F(16,232)=3.72, p<0.001 and F(8,232)=6.72, p<0.001, re- 
spectively. 

To make the above interactions more meaningful, the 
groups were compared for mean litter size at parturition and 
Day 15 lactation (i.e., tests were made on simple main ef- 
fects, [36]). Litter size at parturition did not differ among the 
surgical groups; however, those animals with the hoarding 
opportunity did have larger litters than animals in sham- 
hoard groups, p<0.02. At Day 15 lactation each surgical 
group with the hoard had larger litters than their respective 
sham-hoard counterparts, p<0.001, in each case. NL and FL 
groups with hoards had smaller litters than the Sham-HD 
animals, but larger litters than in Sham-SH animals, 
p<0.001, in each instance. NL-HD and FL-HD groups did 
not differ from each other at Day 15 lactation. NL and FL 
hamsters with sham-hoards had smaller litters than any of 
the other groups, p<0.001, for each comparison. The differ- 
ence between these two groups at Day 15 lactation was not 
significant (see Fig. 6). 

It should be mentioned that the decreasing litter sizes 
were largely due to cannibalism. Frequently, dead pups were 
found during the daily pup weighings and inspections. In 
these cases there was evidence of some degree of can- 
nibalism as these pups were partially consumed. More often, 
pups present on the previous day would be found missing 
during the daily inspections. 
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Correlation of Histology with Maternal Behaviour 


Knife-cut animals were divided into subgroups; those 
whose knife cuts extended rostrally to the MPOA and those 
whose cuts began posterior to the MPOA. A two-factor (ros- 
trocaudal x mediolateral placements of knife cuts) analysis 
of variance was conducted on Day 15 litter size. Again, no 
differences between NL and FL litter sizes were found. Fur- 
thermore, those animals whose cuts extended into the 
MPOA reared the same sized litters as those with slightly 
more posterior cuts. A rostrocaudal cut placement x 
mediolateral cut placement interaction was not found. These 
results are not confounded by the hoarding condition be- 
cause the distribution of hoarders and sham-hoarders in the 
MPOA and MAH subgroups was reasonably even. 


DISCUSSION 


The major finding of the present study is that FL cuts, like 
NL cuts, disrupt pup-directed responses in female hamsters. 
In contrast, these cuts differed in their effects on body 
weight and nest-building measures. 

Whether or not animals were allowed to hoard food had 
marked effects on body weight regulation. It should be 
stressed that Sham-Hoard animals were not food deprived at 
any point during the experiment. These animals were given 
three times the amount of food ordinarily consumed by cy- 
cling animals and nearly twice as much as ordinarily con- 
sumed by lactating hamsters nursing moderate-sized litters 
({9]; Fleming and Miceli, unpublished; Miceli and Malsbury, 
unpublished). The only restriction was that hoarding was 
prevented. Yet, surgical sham and FL hoarders gained more 
weight during the premating period than respective sham- 
hoard hamsters. 

The reason for these body weight differences is not obvi- 
ous. However, given that hamsters are faced with cyclic 
periods of food availability and non-availability in their nat- 
ural habitats [28], it seems reasonable to assume that ham- 
sters adjust their food intakes and body weights in accord- 
ance with food availability. This may translate to Sham- 
Hoard animals reducing their food intakes in order to create 
food stores. Experiments are now in progress to measure 
food intake as a function of hoard condition in order to di- 
rectly test this idea. 

NL Cuts produced a rapid weight gain regardless of hoard 
condition during the pre-mating period (see Fig. 5). In con- 
trast, FL animals behaved like surgical controls; those with 
the hoarding opportunity gained more weight than those in 
the sham-hoard group. This dissociation between the effects 
of NL and FL cuts may readily be understood on the basis of 
the neuroanatomy of feeding behaviour as it has been devel- 
oped in the rat. These studies have revealed a feeding inhibi- 
tory pathway located in the parafornical MFB which turns 
medially at the level of the MAH [13,31]. These axons would 
have been severed by the NL, but not FL cuts of this study. 
If, as argued here, hamsters regulate food intake with regard 
to available food stores, inhibition of eating is required when 
food supply is low. The rapid weight gain seen following NL 
cuts, even in the sham-hoard condition, may reflect damage 
to this feeding inhibitory pathway. 

NL cuts disrupted nest building much more severely than 
FL cuts. FL animals showed a mild nesting impairment 
which did not persist in the gestation period. In the prepar- 
tum period most NL animals did not build nests. During the 
postpartum period the same animals did build nests that did 
not differ from surgical shams or FL animals on measures 
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used to determine the nest quality ratings presented in Fig. 4. 
Previous studies in the rat [22] and hamster [20] have re- 
ported an apparently more severe disruption of nest-building 
during the postpartum period following cuts similar to those 
of our NL group. However, this may be because animals in 
previous studies [20,22] were presented with paper towelling 
only | hr before nest ratings were made. In the present study 
nest material was presented three days before the ratings. 
Also, the nests made by NL animals here differed strikingly 
from those made by normal animals in a way not revealed by 
our rating scale. The insulating value of these nests would be 
less than normal because bottoms and sides were not lined 
with woodchips. 

Previous studies of the MPOA-MAH have regarded the 
nesting impairments following damage to this area as a defi- 
cit specifically related to maternal behaviour. The MPOA- 
MAH, however, is also implicated in autonomic and be- 
havioural thermoregulation [29,30]. Thermal stimulation of 
the MPOA-MAH elicits both autonomic and behavioural 
thermoregulation [29] but lesions of the same area appear to 
selectively disrupt autonomic thermoregulation. For exam- 
ple, lesioned rats become hyperthermic in hot environments 
but do bar press to turn off a heat lamp and turn on a cooling 
fan [16]. Hypothalamic knife cuts similar to the NL cuts of 
the present study can produce similar autonomic effects in 
the rat [12]. 

In a series of experiments Leon and his colleagues [15, 37, 
38] have demonstrated that the intact lactating rat regulates 
the duration of individual episodes of nursing behaviour 
(nest bouts) in relation to the rise in its temperature produced 
by contact with the litter. MPOA lesioned or knife-cut rats 
do not build nests but sometimes do nurse pups [14,35]. 
Since such animals have difficulty in dissipating heat, nurs- 
ing may represent a significant hyperthermic challenge. Nurs- 
ing in the absence of a nest would help to alleviate this prob- 
lem because there would be no nesting material to provide 
insulation. Thus, the lack of nest building in the above men- 
tioned studies may well represent a compensatory thermo- 
regulatory response, allowing rats more contact with young 
pups, rather than a maternal deficit. In the present study NL 
group hamsters did build nests in the postpartum period. 
However, these nests were deficient in a way that is consis- 
tent with the idea that the animals may have been having 
difficulty in dissipating heat. NL group nests were located 
well away from woodchips so that when the animals nursed 
pups, the mother-litter huddle made contact with the rela- 
tively cool cage floor. 

Numan and Callahan [24] did consider that preoptic 
hyperthermia might interfere with maternal behaviours. In 
their study, small NL-type cuts did produce significantly 
higher body temperatures for the first few days postopera- 
tively, but this difference disappeared rapidly. Nest-building 
deficits persisted even after body temperatures of these rats 
matched those of controls. However, body temperatures 
were measured only at normal ambient temperatures. It is 
not clear how long a gap occurred between removal of the 
female from her cage and temperature measurement. We still 
do not know what happens to the body temperature of a rat 
or hamster with NL-type cuts while it is nursing pups. It is 
clear that future experiments designed to determine whether 
preoptic hyperthermia influences maternal behaviours, in- 
cluding nest-building, should include measures of maternal 
core temperature in response to a hyperthermic challenge. 

Whether or not animals were given the opportunity to 
build and maintain food hoards had dramatic effects on vir- 


gin and postpartum maternal responsiveness. Preopera- 
tively, opportunity to hoard food increases the proportion of 
virgin hamsters which responded maternally towards foster 
pups. These results confirm our previous findings [21]. 

In the postpartum period, females in the sham-operated, 
hoard group displayed decreased cannibalism and excep- 
tionally large litters (see Fig. 6). The mean litter size of this 
group at Day 15 lactation is larger than that of any other 
experimental or control group reported in the literature [7, 
19, 20]. This finding may have practical significance to ham- 
ster breeders wishing to reduce costs by maximizing breed- 
ing efforts of individual animals. It is also practically signifi- 
cant to researchers working in the area of maternal be- 
haviour in hamsters. In studies conducted in this laboratory 
non-experimental hamster dams providing foster pups for 
experimental animals were given abundant food inside the 
cage for hoarding. As a result, few of the foster pups were 
cannibalized by their own mothers. Therefore, in cross- 
fostering experiments, time and costs can be reduced be- 
cause fewer donor dams are necessary. 

The opportunity to hoard food also dramatically reduced 
postpartum cannibalism produced by NL and FL cuts. For 
example, the NL-SH group had cannibalized all pups by day 
7 postpartum, while the NL-HD group had a mean litter size 
of 7.0 pups at day 15 lactation. The hoarding opportunity 
also reduced the disruptive effects of NL and FL cuts on 
responses to donor pups in the prepartum tests (see Table 2). 
This is the first demonstration that a situational or ecological 
variable can ameliorate the effects of hypothalamic damage 
on maternal behaviour. 

The effects of NL cuts seen here are consistent with the 
previous study of Marques ef al. [20] using a similar experi- 
mental design. The NL cuts here are comparable to the 
‘‘anterior’’ cuts of Marques ef al. [20]. Moreover, the 
NL-SH group is functionally similar to the Marques et al. 
[20] anterior group because those hamsters were not housed 
in a manner which would allow food hoarding or the accumu- 
lation of a hoard. In the postoperative prepartum tests, the 
effects of the knife cuts in the NL-SH group are clear, and 
similar to the effects of the anterior cuts of the Marques et al. 
[20] study. The cuts converted those animals having met the 
criterion for maternal behaviour preoperatively into canni- 
bals. The effect of these cuts on pup cannibalism during the 
postpartum period is also similar. In both studies all litters 
were completely cannibalized by the first week postpartum. 

During postpartum tests NL (and FL) animals showed 
dramatic increases in maternal responseiveness over that 
seen in prepartum tests. These animals built nests, sniffed, 
licked, nursed, and all but one of the 14 tested animals re- 
trieved at least one pup back to the nest. Marques ef al. [20] 
also found that some of their anterior cut animals which 
cannibalized as postoperative virgins retrieved pups during 
postpartum testing, but the improvement was not as dra- 
matic as reported here. Collectively ({20], present experi- 
ment) the hamster data appear to contrast with that of rat 
experiments. Rats with MPOA-MAH lesions [14] or knife 
cuts [35] sniff, lick, and nurse pups, but do not build nests or 
retrieve pups during postpartum testing. In rats, the apparent 
inability to initiate nest building and pup retrieval may be 
described as a motivational deficit. Hamsters do not show a 
deficit as such following similar hypothalamic manipula- 
tions. 

Evaluation and interpretation of the present postpartum 
maternal data is a difficult task because there is considerable 
uncertainty as to what constitutes ‘“‘normal’’ maternal be- 





haviour in experimentally untreated hamsters during the 
postpartum period. However, we believe that the cuts did 
not produce a motivational deficit. For example, in the sec- 
ond postpartum test all but one of the NL animals retrieved 
pups, even though a number of these retrievers combined 
retrieval and cannibalism or cannibalized some of the re- 
trieved pups. We suggest that NL (and FL cuts) disrupted 
part of a neural system underlying the inhibition or suppres- 
sion of pup cannibalism, rather than a maternal activating 
system. The behavioural consequences of these cuts can be 
best described as a failure to inhibit cannibalism of pups. The 
behaviour of two NL animals during the postpartum tests 
illustrate this point. These animals approached, sniffed, and 
retrieved pups back to the nest. At the nest, sniffing and 
licking of the pups continued, and at some point shortly af- 
ter, one or more of the pups were eaten. As can be seen by 
the declining litter sizes throughout lactation, this pattern of 
behaviour can be generalized to other knife-cut animals. This 
behavioural effect can not be attributed to a failure to attend 
to cues that ordinarily act to suppress cannibalism, because 
knife cut animals, given the opportunity, hoarded food and 
reared larger litters than their sham-hoard counterparts. The 
increased cannibalism in NL animals can not be attributed to 
cut-induced hyperphagia because it has been previously 
shown than NL type knife cuts along the MAH and ven- 
tromedial nucleus (cuts which typically produce hyperphagia 
and obesity [31]) can actually decrease postpartum can- 
nibalism in the hamster [20]. 

The rostrocaudal position of knife cuts altering normal 
maternal patterns was at the level of the suprachiasmatic 
nucleus. Cuts extending further rostrally into the MPOA did 
not produce behavioural deficits which were different from 
those produced by cuts placed slightly more posterior. This 
finding is consistent with previous hamster data [20] but not 
with recent rat data. Terkel and his associates [14,35] report 
that in the rat the critical lateral fiber connections underlying 
maternal behaviour are confined to a narrow band of tissue 
situated in the caudal MPOA just beneath the anterior com- 
missure. Lesions sparing, or cuts beginning caudal to this 
tissue did not disrupt maternal behaviour in the rat [14,35]. 
At this point, it is not clear whether these differences repre- 
sent species differences in neural control of maternal be- 
haviour. 

The pre- and postpartum pup-directed behaviour of FL 
groups did not differ from corresponding NL groups, 
suggesting that these two types of cuts severed a common 
pathway important for maternal behaviour. This idea is sup- 
ported by the maternal behaviour of animals with mediolat- 
erally asymmetrical (ASYM animals) cuts. Essentially, the 
maternal behaviour of ASYM animals did not differ from 
either NL or FL animals. Three of the four ASYM animals 
were from hoarding groups. Two of these four animals had 
completely cannibalized their litter early in the postpartum 
period, while the other two reared moderate sized litters to 
Day 15 lactation. During the postpartum tests, three of these 
animals consistently showed pup retrieval, while the other 
animal consistently cannibalized pups after having retrieved 
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them. This syndrome is characteristic of that produced by 
bilateral NL or FL cuts. That FL cuts were just as effective 
as NL cuts in altering pup-directed behaviour suggests that 
the lateral connections of the MPOA-MAH, other than with 
the MFB, may be important for maternal behaviour in the 
hamster. It should be noted that our data do not rule out a 
role for MFB connections, as we have not examined the 
effects of selective bilateral interruptions of MPOA-MAH 
connections with the MFB. Instead, we emphasize that other 
connections of this region, i.e., those that cross the lateral 
hypothalamus, should also be considered when attempting to 
understand the neural basis for this behaviour. Although NL 
and FL cuts were equally effective at disrupting pup-directed 
behaviour, they did differ in their effects on nest-building. 
This is interesting because lesions of the MPOA-MAH (in 
the rat) and NL-type cuts (rat and hamster) have invariably 
produced severe deficits in both nest-building and pup- 
directed behaviours [14, 20, 24, 35]. This suggests that in the 
hamster while MPOA-MAH connections which cross the 
lateral hypothalamus-MFB are important for pup-directed 
responses, connections of the MPOA-MAH with the MFB, 
spared by FL cuts, are most important for nest building. 
Neuroanatomical studies in the rat and hamster indicate 
that a number of neural pathways cross the plane of both NL 
and FL cuts. In the rat, in addition to their descending pro- 


jections through the MFB, the MPOA and MAH send axons 


across the hypothalamus to the amygdala [5,6]. The idea of 
the necessary participation of hypothalamo-amygdalar con- 
nections in maternal behaviour is uncertain because lesions 
of the amygdala have recently been shown to facilitate the 
onset of maternal behaviour in virgin rats [10]. One 
possibility beginning to be explored is that MPOA-MAH 
connections with the ventral midbrain, perhaps crossing the 
lateral hypothalamus-preoptic area, may be important for 
maternal behaviour. The ventral tegmental area and sub- 
stantia nigra may be important in this regard because lesions 
of both these structures severely disrupt maternal behaviour 
in the rat [11,23]. 

The paraventricular nucleus of the hypothalamus also 
sends projections laterally which cross the lateral hypo- 
thalamus and MFB [6], and some of these axons may be 
oxytocinergic [2, 3, 4]. This is particularly interesting be- 
cause in the rat, intraventricular administration of oxytocin 
has been reported to induce short-latency maternal be- 
haviour in virgin females [27]. Of course, the identity and 
precise functional role of the pathway(s) important for the 
deficits in maternal responsiveness produced by NL and FL 
cuts remain to be determined. 
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ROBERTSON, A., A. LAFERRIERE AND P. M. MILNER. Development of brain stimulation reward in the medial 
prefrontal cortex: Facilitation by prior electrical stimulation of the sulcal prefrontal cortex. PHYSIOL. BEHAV. 28(5) 
869-872, 1982.—Electrical stimulation of the medial prefrontal cortex (MC) in rats delivered daily for seven days causes a 
marked improvement in the rate of acquisition of a self-stimulation response. In the present experiment, we looked at 
whether we could get the same facilitatory effect on self-stimulation of the MC by delivering pre-training stimulation to 
other points in the brain anatomically related to the MC. Electrical stimulation of the lateral hypothalamus was without 
effect. However, electrical stimulation of the sulcal prefrontal cortex (SC) either contralateral or ipsilateral to the MC 
electrode did facilitate acquisition of self-stimulation of the MC. Thus the SC and MC would appear to be part of the same 
substrate controlling the development of positive reinforcement in the MC. 


Self-stimulation Medial prefrontal cortex Reward 


SELF-stimulation of the medial prefrontal cortex (MC) in 
rats is typically acquired slowly, over a period of several 
days, in contrast to the quick acquisition of self-stimulation 
in many other regions of the brain, particularly along the 
hypothalamic-tegmental axis [6]. Daily exposure to the MC 
stimulation seems to be critical: a seven day period of pro- 
grammed (non-contingent) stimulation delivered through the 
MC electrode beforehand dramatically shortens the number 
of days it takes animals to start self-stimulating [3]. This 
suggests that the period of daily stimulation produces a rela- 
tively permanent change in MC function—a change that caused 
the development of a positively reinforcing stimulus from a 
neural one. 

One method of identifying the systems involved in the 
development of self-stimulation of the MC is to determine if 
programmed stimulation delivered to other brain sites can 
also have a facilitatory effect on acquisition of MC self- 
stimulation. One likely candidate is the other major division 
of the prefrontal cortex—the sulcal or suprarhinal zone (SC). 
In addition to having multiple parallel afferent and efferent 
connections to other brain structures, the SC and MC are 
reciprocally connected [1, 4, 5, 7, 9, 10]. The SC also sup- 
ports self-stimulation [15] and, like self-stimulation of the 
MC, self-stimulation of the SC develops slowly over several 


Sulcal prefrontal cortex Lateral hypothalamus 


days (personal observation). Moreover, there appears to 
exist a functional relationship between the two areas with 
regard to self-stimulation. Bilateral destruction of the fibre 
connections between the MC and SC causes a severe and 
lasting disruption of MC self-stimulation response rates (Cor- 
bett, Laferriére and Milner, submitted). Based on these data, 
it seems possible that the mechanism governing the devel- 
opment of self-stimulation in the MC might involve the SC. 
However, other efferent projections of the MC have also 
been implicated in self-stimulation of this site. For example, 
fibres coursing through the lateral hypothalamus (LH) and 
medial forebrain bundle have been hypothesized to form part 
of a descending self-stimulation system originating in the 
prefrontal cortex [8, 13, 14]. Therefore it might be expected 
that programmed stimulation of the LH area would have 
facilitatory effects on self-stimulation of the MC, similar to 
those obtained with programmed stimulation of the MC it- 
self. 

In the present experiment, we looked at the effects of 
programmed pretraining stimulation of the SC or of the LH 
on the rate of acquisition of self-stimulation of the MC. Since 
the connection between the MC and the SC appears to be 
bilateral, we looked at the effects of both ipsilateral and con- 
tralateral stimulation of the SC in separate groups. These 
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FIG. 1. Coronal sections of rat brain adapted from a stereotaxic atlas [11] showing locations of 
electrode tips. A. Self-stimulation electrodes in the MC. B. Programmed stimulation electrodes in the 
SC. C. Programmed stimulation electrodes in the LH. For all columns, closed stars represent Group I 
control rats (no programmed stimulation). Closed circles are Group II rats which received programmed 
stimulation in the ipsilateral SC. Open stars are Group III rats which received programmed stimulation 
in the contralateral SC. Closed triangles are Group IV rats which received programmed stimulation in 
the ipsilateral LH. The stars within circles in column B represent six rats from Groups II and III whose 
programmed stimulation electrodes missed the SC. Numbers beside each section represent distance in 
mm anterior (Columns A and B) or posterior (Column C) to bregma. Each symbol represents one or 


more subjects. 


groups were compared to a control group of rats who re- 
ceived no programmed stimulation before being tested for 
self-stimulation of the MC. 


METHOD 
Animals and Surgery 


Male albino rats, weighing 240-320 g at the time of 
surgery, were each implanted with a 127 wu diameter bipolar 
Stainless steel electrode (Plastic Products, Roanoke, VA) 
under Nembutal anaesthesia (60 mg/kg, IP). There were four 
groups of rats: (1) fifteen rats received single electrodes im- 
planted into the MC (4.5 mm anterior to bregma, 0.7 mm 
lateral to midline, and 3.5 mm ventral to skull surface); (II) 
twelve rats were implanted with one electrode into the MC 
and one electrode into the ipsilateral SC (3.8-3.9 mm 
anterior, 1.9-2.2 mm lateral and 5.8 mm ventral, with an 
angle of 16 degrees from the vertical plane); (III) eleven rats 
were implanted with one electrode into the MC and one elec- 
trode into the contralateral SC; and (IV) ten rats received 
one electrode in the MC and one electrode in the ipsilateral 
LH (0.7 mm posterior, 1.5 mm lateral and 8.8 mm ventral). 
The incisor bar was set at +5.0 mm throughout. 

The rats were allowed to recover for seven days before 
testing began. Throughout the experiment, they were housed 
in single plastic cages with food and water available ad lib. 


Phase I: Programmed Stimulation 


Group I, the control group each implanted with a single 
MC electrode, did not receive programmed stimulation. 
Groups II, III and IV all received programmed stimulation 
every day for seven days, 20 min per day. Group II rats 
received stimulation through their ipsilateral SC electrode, 
Group III through their contralateral SC electrode, and 
Group IV through their LH electrode. 

The programmed stimulation consisted of 0.5 sec trains of 
35 «A (RMS) 60 Hz sine wave delivered at a rate of one train 
every four sec (for a total of about 300 trains of stimulation 
every day). The test boxes were made of Plexiglas, 
26x 23x22 cm, and had grid floors. 


Phase II: Acquisition of Self-stimulation 


The day after the final day of programmed stimulation, 
self-stimulation tests were begun. In this phase, all groups 
were treated identically. Testing took place in different 
boxes than those used in Phase I. These boxes were Plexi- 
glas and wood (25x25 x25 cm) and had Plexiglas levers (7.5 
x 4 cm) situated on one wall, 5 cm above the wire mesh 
floor. Stimulation current again consisted of 0.5 sec trains of 
60 Hz sine wave, and was pre-set at 40 wA (RMS). Animals 
were placed in the boxes for 20 min/day. Each animal was 
actually placed on the lever when being put into the box, so 
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FIG. 2. Rate of acquisition of criterion number of responses (100/20 
min) for each group. I=no programmed stimulation; Il=pro- 
grammed stimulation in the ipsilateral SC; I1[=programmed stimu- 
lation in the contralateral SC; and IV=programmed stimulation in 
the LH. 


that each rat received at least one train of stimulation/ses- 
sion; however, other than that, no shaping procedures were 
employed-each rat had to find and press the bar itself to 
receive stimulation. Number of responses were recorded at 
the end of the 20 min session. 

Animals were run for at least 14 consecutive days. Any 
animal that had not demonstrated self-stimulation by that 
time was eliminated from the experiment. The predeter- 
mined criterion used to establish the presence of self- 
stimulation was at least 100 responses in 20 min. This figure 
was based on previous experiments which indicated that, 
having once attained a score of 100, no rat would fall below 
that score on successive tests. All animals received a 
minimum of five days of testing after reaching this criterion, 
in order to determine how response rates changed after an 
animal learned to self-stimulate. 

Following completion of this phase, we tested to see if 
self-stimulation could be obtained from the SC electrodes in 
Groups II and III and from the LH electrodes in Group IV. 
Testing took place in the same chambers used in phase II and 
consisted of between three and five 20 min sessions at the 
same programmed stimulation parameters used in the stimu- 
lation phase. 


Histology 


Following completion of testing, anaesthetized rats 
(Nembutal, 60 mg/kg, IP) were perfused trancardially with 
0.9% saline followed by 10% Formalin. Frozen brain sections 
of 30 u thickness were cut and stained with thionin or neutral 
red and luxol fast blue and examined under a microscope for 
electrode tips. There were no differences amongst the loca- 
tions of self-stimulation electrodes in the MC for the differ- 
ent groups (Fig. 1, column A). Most SC electrodes termi- 
nated in the lateral and dorsal insular portions of the sulcal 
cortex (column B). Six SC electrodes terminated outside the 
sulcal cortex in the far lateral part of the head of the caudate 
nucleus or the genu of the corpus callosum (circled stars in 
column B). Most LH electrodes were located in the perifor- 
nical area of the LH as well as zone incerta and tip of the 
internal capsule (column C). 


RESULTS 


Of the 48 rats who started the experiment, seven were 
dropped because they failed to reach criterion in the allotted 
time. Additionally, six rats from Groups II and III (ipsilateral 
and contralateral SC programmed stimulation) were dropped 
because, as explained above, their electrodes were not lo- 
cated in the SC. These six animals were treated as a separate 
group. This left twelve rats in the control Group I, nine in the 
ipsilateral SC Group II, seven in the contralateral SC Group 
III and seven in the LH Group IV. 

The data were analyzed in terms of the first day on which 
any rat self-stimulated the MC at least 100 times in 20 min 
(Fig. 2). Distribution-free statistics were used on these data. 
There was a significant difference amongst the groups. Con- 
trol rats who received no programmed stimulation took an 
average of 6.0 (+S.E.M. 0.9) days to attain criterion. Pre- 
stimulation delivered to the ipsilateral SC electrode for seven 
days (Group II) caused a significant decrease (U=24.5, 
p =0.027) in the number of days to criterion: rats took, on the 
average, 3.2+1.1 days. Group III, which received contralat- 
eral SC stimulation, similarly took an average of 2.6+0.6 
days to reach criterion, again significantly lower than the 
control group (U=10, p=0.008). In contrast, group IV, who 
received LH programmed stimulation, took almost the same 
number of days to reach criterion as control rats (6.1+1.4). 
The six rats from Groups II and III, whose SC electrodes 
landed outside the SC, did not differ from control rats, taking 
6.3 (+1.6) days to reach criterion. 

In addition to analyzing the data in terms of days to crite- 
rion, we also analyzed response rates in each group for the 
first five days after criterion was attained (analysis of vari- 
ance followed by Newman-Keuls tests). All groups showed a 
significant increase in responding from the first to the second 
day (p<0.01), increasing from an overall average of 197 re- 
sponses/20 min to 271 responses/20 min. From the second to 
fifth days, responding was stable. There was also a signifi- 
cant (p <0.05) tendency for Group IV (LH) rats to respond at 
lower levels than any of the other three groups (at an average 
of 190 responses over the five days of testing, compared to 
the Group I (control) rats who attained the highest average 
rate of 314 responses over the five days). However, there 
were no differences in the rate of increases in responding 
between this and any of the other groups. Additionally, these 
rats, tested after a two week period, were not significantly 
different from other groups—they had attained the same 
asymptotic rate of responding. 





872 


Animals in Groups II, III and IV were also tested to see if 
self-stimulation could be obtained from the SC and LH elec- 
trodes used in the programmed stimulation phase. All rats 
with LH electrodes and 94% of the rats with SC electrodes 
did self-stimulate at mean response rates of 969 (+84) re- 
sponses and 189 (+17) responses/20 min respectively at the 
Same current values used in the programmed stimulation 
phase. In contrast, of the 6 rats in Groups II and III whose 
electrodes landed outside the SC, only one rat self- 


stimulated, at an average rate of 105 responses/20 min. 


DISCUSSION 


Animals implanted with MC electrodes normally take 
several days to learn to self-stimulate, in contrast to the rela- 
tively quick acquisition of self-stimulation seen with many 
other self-stimulation sites [6]. A period of programmed 
stimulation delivered through the MC electrode over seven 
days produces a marked facilitation of acquisition [3]. The 
present report demonstrates that the same facilitation can be 
achieved (using the same parameters of programmed stimu- 
lation) by stimulating the SC either ipsilateral or contralat- 
eral to the self-stimulation electrode. Thus, not only is the 
SC critical in the maintenance of self-stimulation of the MC 
(Corbett, Laferriére and Milner, submitted) but the SC may 
be involved in the acquisition of the rewarding effects of 
stimulation of the MC. These data suggest that there is a 
functional link between the SC and MC. The observation 
that both ipsilateral and contralateral stimulation were 
equally effective may not be surprising: bilateral destruction 
of the fibre tract connecting the SC and MC is necessary to 
eliminate self-stimulation of the MC, suggesting that either of 
the two sides of the SC can maintain self-stimulation of this 
area. These observations are in line with anatomical studies 
demonstrating a bilateral projection from the MC to the SC 
[1]. 

One might hypothesize that electrical stimulation of the 
SC simply spreads to the MC and thus affects acquisition of 
self-stimulation of the MC. This seems unlikely because 
electrode placements from six animals in Groups II and III 
which missed the SC and terminated between the MC and 
SC were not associated with a faster acquisition of self- 
stimulation. These six rats took much the same length of 
time to reach criterion as control rats in Group I. 
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Programmed stimulation in the area of the LH had no 
effect on acquisition of self-stimulation of the MC. Thus the 
LH may not be involved in the development of positive rein- 
forcement in the MC. It is interesting to note that, although a 
link between the two sites has been proposed [13,14] it would 
not appear to be essential for the maintenance of self- 
stimulation, as large lesions of the LH medial forebrain 
bundle area do not affect self-stimulation of the ipsilateral 
MC [2]. The fact that programmed stimulation of the LH 
failed to affect acquisition of self-stimulation of the MC lends 
some specificity to the effectiveness of the SC stimulation in 
doing so. It would appear that neither is the facilitatory effect 
due to simply a general activation or arousal from brain 
stimulation nor is it caused by stimulation of any MC affer- 
ents or efferents. This is not to suggest, however, that other 
PFC projections might not be involved in the acquisition of 
MC self-stimulation. Additionally, the observation that 
stimulation of the SC is sufficient to facilitate MC self- 
stimulation does not imply its necessity. The present data 
simply indicate that the positively reinforcing effects of MC 
stimulation can be brought about by pre-training stimulation 
of a site for which both anatomical connections and func- 
tional relations to the MC have been demonstrated. 

In light of these observations, it is not surprising that 
programmed stimulation of the SC can facilitate not only 
acquisition of self-stimulation of the MC but also self- 
stimulation of the SC itself. We have observed that rats re- 
ceiving programmed stimulation of the SC at the same pa- 
rameters that were used in the present experiment took an 
average of 1.3(+0.8) days to attain criterion during self- 
stimulation tests. In contrast, animals which did not receive 
such stimulation took 7.9 (+1.8) days to self-stimulate the 
SC. 

There is little evidence at the present time concerning the 
nature of the anatomy of the proposed MC-SC link in the 
development of self-stimulation of the MC. One possibility 
presently under investigation is that repeated stimulation 
gradually causes a permanent potentiation of neural activity, 
similar to that proposed to underlie the’ kindling effect (e.g., 
[12]). If so, it may be the medial-sulcal connection which is 
involved in effecting the critical change underlying the de- 
velopment of positive reinforcement in the MC. 
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ETTENBERG, A., S. SGRO AND N. WHITE. Algebraic summation of the affective properties of a rewarding and an 
aversive stimulus in the rat. PHYSIOL. BEHAV. 28(5) 873-877, 1982.—The presentation of a novel flavor followed by an 
injection of lithium chloride, produced conditioned taste aversions that were attenuated or blocked by rewarding brain 
stimulation (BSR) at low and high current intensities, respectively. Conversely, flavor/BSR pairings produced conditioned 
taste preferences that were attenuated in a dose-dependent manner by lithium chloride. These data support the contention 
of Young (20-23) for the algebraic summation of the positive and negative properties of affective stimuli. The implications 
of this work for the measurement of brain-stimulation reward and the aversive effects of drugs are also discussed. 
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PREVIOUS reports have described conditioned taste pref- 
erences (CPTs) induced by the pairing of a novel tasting sub- 
stance with a session of rewarding brain stimulation [2-5, 7] 
a finding which has been confirmed by others [8,18]. It is 
assumed that such preferences result from associations 
formed between the novel properties of the flavor (i.e., taste, 
odor, etc.) and the positive affective properties of the stimu- 
lation. The preference paradigm is, therefore, analagous to 
the conditioned taste aversion (CTA) paradigm where a 
novel taste is avoided following the paired presentation of 
that taste with some aversive event [15-17]. In both of these 
situations, the size of the preference or aversion varies as a 
function of the affective properties of the post-flavor treat- 
ment. The strength of a CTA induced by a taste-illness pair- 
ing increases with increases in the dose of the aversive agent 
[13,14]. Similarly, CTP size is a direct function of the current 
intensity of the brain stimulation [2,3]. Because of this rela- 
tionship, the CTA paradigm has been proposed as a means of 
assessing the aversive properties of drugs [9,16] and the CTP 
paradigm has been proposed and subsequently employed as 
a measure of brain stimulation reward [2, 3, 5, 8, 18]. 

In the present study, we show that another method of 
estimating the negative or positive properties of various 
treatments results from combining these two taste 
paradigms. Young (20-22) suggested that the affective qual- 
ities of different stimuli summate algebraically. In line with 
this idea, it has been demonstrated that hypothalamic stimu- 
lation can attenuate the size of drug-induced taste aversions 





[1,12]. It might be expected, therefore, that the degree to 
which brain stimulation can attenuate a CTA may provide 
another estimate of the rewarding properties of the stimula- 
tion. Conversely, the degree to which an aversive drug 
treatment attenuates the size of a CTP might similarly pro- 
vide an estimate of the negative properties of that drug. The 
present study was devised to examine these possibilities. 


METHOD 


Animals 


Ninety-six male albino rats weighing between 300-350 g 
at the time of surgery served as subjects. The animals were 
individually housed and provided with ad lib access to food. 
Each animal was handled daily for several minutes during 
the seven days prior to surgery. 


Surgery 


A bipolar stimulating electrode (Plastic Products Co., 
0.008 mm dia.) was implanted into each of 56 rats under 50 
mg/kg pentobarbital anesthesia. The electrodes were aimed 
at the lateral hypothalamus. With the tooth-bar of the 
stereotaxic instrument set at 3.2 mm above the interaural 
line, the electrode coordinates were 0.8 mm posterior to 
Bregma; 1.5 mm lateral to midline; and 8.6 mm ventral to the 
skull surface. The remaining 40 animals were anesthetized 
but did not undergo surgery. 
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Apparatus 


Pairing and testing procedures for each animal were con- 
ducted in one of four identical self-stimulation chambers. 
The chambers consisted of small Plexiglas cubicles 
(30.5 x 30.5 x 18 cm) with a metal grid floor and one aluminum 
plate wall. A metal lever protruded from the middle of the 
aluminum wall at a height of 5.0 cm above the grid floor. 
Every lever-press delivered a 300 msec train of 60 Hz sine 
wave intracranial stimulation. A self-stimulation apparatus 
was located inside each sound-attenuating box equipped 
with 6 W lamps and loud speakers that provided constant 
masking noise. 


Procedure 

Self-stimulation effects on lithium-induced CTA. One 
week following surgery 32 of the implanted rats were trained 
to lever press for rewarding brain stimulation during a single 
30 min session. On the day following this training session, 
self-stimulation thresholds were calculated from ascending 
and descending series of current intensities (in 5 ~A steps) as 
described elsewhere [6]. Threshold was defined as the mean 
current intensity above which a rat made more than five 
responses and below which a rat made five or fewer re- 
sponses in three minutes. Once thresholds were determined, 
the animals were assigned to either a Low Current condition 
or a High Current condition in a manner that equalized the 
group differences in mean thresholds. Sixteen of the unim- 
planted animals were used in a No Current condition. 

One week following threshold determination, water was re- 
moved from all home cages for 48 hr. The rats were then 
individually placed into the self-stimulation chamber which 
contained a Richter tube in place of the lever. Each rat drank 
a 2 mg/ml solution of instant decaffeinated coffee (Sanka 
brand) dissolved in cold tap water for 10 min. Immediately 
following the drinking, half the rats in each condition (n=8) 
received a 1.5 mEq/kg injection of lithium chloride (LiCl). 
The lithium was prepared in a saline vehicle solution and 
injected intraperitoneally in a volume of 3.0 ml/kg of body 
weight. The remaining rats in each group were injected with 
the saline vehicle solution and injected intraperitoneally with 
the saline vehicle. The animals were returned to the test 
chamber immediately after their injections, the Richter tube 
was removed and access to the self-stimulation lever was 
allowed for 15 min. Rats in the Low Current condition re- 
sponded for stimulation at current intensities adjusted to ap- 
proximately 20% above each rat’s threshold (mean current 
intensity 27 wA). Animals assigned to the High Current con- 
dition responded for stimulation set at twice each rat’s pre- 
viously determined threshold (mean current intensity 44 
A). The unimplanted animals of the No Current condition 
also remained in their test chambers for 15 min after their 
injections. 

LiCl effects on stimulation-induced CTPs. The self- 
stimulation training and determination of thresholds for the 
remaining 24 implanted animals were conducted exactly as 
previously described. After the 48 hr period of water depri- 
vation these animals, as well as the remaining 24 unim- 
planted animals, were placed into the test chambers where 
they were allowed to drink the coffee solution for 10 min. 
Following the drinking, groups of eight implanted and eight 
unimplanted rats were injected with either 0.0, 0.75, or 1.5 
mEq/kg LiCl. Immediately after the injections, the Richter 
tube of coffee was removed and access to the self- 
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stimulation lever was allowed for 15 min. The current inten- 
sity was adjusted to a value twice each rat’s threshold value 
(mean current intensity 46 wA). The unimplanted rats re- 
mained in the chambers for 15 min. 


Taste Preference/Aversion Testing 


After the self-stimulation session all rats were returned to 
their home cages for 24 hr with no water available. Water 
was then provided for 30 min followed by an additional 24 hr 
period of deprivation. Each animal was then returned to its 
test chamber where a 20 min two-bottle preference test was 
conducted. With the self-stimulation levers retracted, the 
rats were presented with two Richter tubes, one containing 
the coffee solution and the other containing water (as de- 
scribed previously [2, 3, 5]). For half the rats in each group 
the water tube was initially located on the animal’s left side 
and the coffee tube on the right side. The opposite was true 
of the remaining rats. These tube positions were switched for 
all animals after 10 min. The total amounts of coffee and 
water consumed during this free-choice situation were re- 
corded. 


Histology 


Upon completion of the experiment, the implanted 
animals were killed with an overdose of chloral hydrate and 
perfused with physiological saline followed by a solution of 
10% Formalin. The locations of the electrode tips were sub- 
sequently determined from 40 yw thionin-stained frozen sec- 
tions. 


RESULTS 


Histological analyses confirmed the locations of the elec- 
trode tips in the region of the lateral hypothalamus slightly 
dorsolateral to the fornix. The effects of self-stimulation on 
the CTAs are presented in Fig. 1. The presentation of a novel 
flavor followed by an injection of LiCl produced taste aver- 
sions that were attenuated or blocked by rewarding brain 
stimulation at low and high current intensities, respectively. 
Conversely, Fig. 2 shows the results of manipulating the 
dose of LiCl while keeping the stimulation parameters con- 
stant. In this situation novel flavor/self-stimulation pairings 
resulted in taste preferences that were attenuated or blocked 
by low and high doses of LiCl, respectively. It should be 
noted that the data plotted in Figs. | and 2 cannot be ex- 
plained merely by differences in either the amounts of coffee 
consumed during the pairing procedure or in the total 
amounts of fluid (water + coffee) consumed during the 20 
min preference test. Two-factor Analyses of Variance on the 
data in Tables | and 2 confirmed that the groups did not 
reliably differ on these factors. 


Self-Stimulation Effects on Lithium-Induced CTAs 


A two-factor analysis of variances (for independent 
groups) was computed on the arc-sine transformations of the 
data plotted in Fig. 1. There was a statistically reliable effect 
of stimulation intensity on coffee consumption, 
F(2,42)=6.21, p<0.005. This is clear from Fig. 1 since the 
proportion of coffee consumed increased in both the 
lithium-treated and vehicle-treated groups as the current in- 
tensity was increased. There was, in addition, a reliable drug 
effect, F(1,42)=5.17, p<0.01, reflecting the observation that 
the LiCl groups consumed less coffee that their correspond- 
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FIG. 1. The effects of varying the rewarding properties of intracra- 
nial self-stimulation (i.e., current intensity) on the size of con- 
ditioned taste aversions produced by a single coffee/lithium chloride 
pairing. 


ing vehicle groups at each stimulation intensity tested. There 
was, however, no significant drug x intensity interaction, 
F(2,42)=0.96, n.s. This is an important result because it indi- 
cates that the relative differences between the coffee con- 
sumption of the vehicle- and LiCl-treated groups was equiv- 
alent at each intensity. This supports the notion that the 
effect of the self-stimulation and LiCl treatments on coffee 
consumption were additive. 


LiCl Effects on Stimulation-Induced CTPs 


A two factor ANOVA was similarly computed on the 
arc-sine transformations of the data plotted in Fig. 2. There 
was a significant effect of self-stimulation on coffee con- 
sumption, F(1,42)=5.26, p<0.01. In all three drug conditions 
the rats in the self-stimulation groups (C-SS) consumed a 
greater proportion of their total liquid intake from the coffee 
tube than did the rats in the no-stimulation (C-NSS) groups. 
There was also a statistically significant main effect for the 
dose of LiCl, F(2,42)=4.65, p<0.05. Once again Fig. 2 shows 
that coffee consumption was reduced as the dose of LiCl was 
increased. Furthermore, despite the apparent ‘‘floor effect” 
in the coffee consumption of the two no-stimulation groups, 
there was no reliable drug xX stimulation interaction, 
F(2,42)=1.51, n.s., suggesting again that the relationship be- 
tween LiCl and stimulation on coffee consumption was ad- 
ditive. 


DISCUSSION 


Pairing a novel flavor with a session of rewarding brain 
stimulation produced a conditioned taste preference while 
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FIG. 2. The effects of varying the dose of lithium chloride on the size 
of conditioned taste preference produced by a single coffee/self- 
stimulation pairing. 


similar flavor/LiCl pairings resulted in conditioned taste 
aversions. These results are, therefore, consistent with other 
demonstrations of CTA and CTP in the current literature 
(e.g., [2-5, 7, 9, 10, 13-17]). Combining these two treatments 
(LiCl and self-stimulation) immediately after the presenta- 
tion of a novel flavor, produced results suggesting an alge- 
braic summation of the affective properties of the two treat- 
ments. That lithium has aversive properties was demon- 
strated by the taste aversion observed in the LiCl/No-Current 
group shown in Fig. 1. That self-stimulation has rewarding 
properties was demonstrated by the taste preference ob- 
served in the No Drug/C-SS group shown in Fig. 2. However, 
when these two conditions were combined the (High and 
Low Current/LiCl groups in Fig. 1 and the two LiCI/C-SS 
groups in Fig. 2) the negative and positive properties of the 
two treatments cancelled each other out. The resulting per- 
formance was neither preference nor aversion but rather 
something in between, the exact nature of which depended 
upon the relative dose of LiCl and the current parameters of 
the brain stimulation. Thus the CTA induced by a large dose 
of LiCl was completely blocked by rewarding stimulation at 
high current intensities but only attenuated at lower current 
intensities (Fig. 1). Likewise, the CTP produced by high cur- 
rent intensities is similarly blocked by high doses of LiCl and 
less so by smaller doses (Fig. 2). 

Others have previously demonstrated that if a flavor that 
facilitates ingestion is combined in a single solution with a 
flavor that suppresses ingestion, the resulting solution elicits 
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TABLE 1 


MEAN COFFEE CONSUMPTION (+S.E.M.) OF EACH GROUP DURING THE 10 MIN 
DRINKING PERIOD OF THE TASTE/SELF-STIMULATION PAIRING (ml) 





A. Self-stimulation effects on lithium-induced taste aversions 


Treatment? 


current intensity* 


Low No 





Vehicle groups 
Lithium groups 


*F(2,42)=0.54, n.s. 


12.4 (1.9) 
9.6 (2.6) 


>F(1,42)=1.06, n.s. 


8.8 (2.1) 
11.4 (2.8) 


9.1 (2.5) 
10.8 (1.3) 


axbF(2,42)=1.43, n.s. 





B. Lithium effects on stimulation-induced taste preferences 


Treatment® 0.0 


dose of LiCl (mEq/kg)* 
0.75 1.5 





Coffee/self-stimulation 
Coffee/no stimulation 


°F(2,42)=2.16, n.s. 


7.9 (2.6) 
9.8 (2.4) 


*F(1,42)=1.07, n.s. 


11.3 (1.8) 
9.6 (3.1) 


10.1 (2.1) 
12.0 (1.6) 


ex4F(2,42)=2.13, n.s. 





a rate of licking which is the sum of the two primary effects 
[23]. In the present study the affective properties of a single 
flavor were increased or decreased through its association 
with positive or negative stimuli. Combining these positive 
and negative stimuli produced results consistent with the 


position of Young [20-22] who proposed the algebraic sum- 
mation of affective states. 

If the present results truly reflect an additivity in the pos- 
itive and negative properties of the experimental treatments, 
one should be able to assess the positive properties of brain 


stimulation by observing its effectiveness in attenuating the 
taste aversion produced by the negative consequences of a 
given dose of LiCl. Treatments that allegedly alter the reward 
value of brain stimulation should similarly alter the CTA- 
attenuating properties of the stimulation. 

It is interesting that both the LiCl groups in Fig. 2 
demonstrated maximal aversions. Because of this ‘‘floor ef- 
fect’’ it may be that a two-bottle test is an inappropriate 
procedure for differentiating between the negative properties 
of varying doses of an aversive agent such as LiCl. How- 


TABLE 2 


MEAN (+S.E.M.) TOTAL LIQUID INTAKE (COFFEE + WATER) OF EACH GROUP DURING 
THE 20 MIN PREFERENCE TEST (ml) 





A. Self-stimulation effects on lithium-induced taste aversions 


Treatment” 


current intensity* 
Low No 





Vehicle groups 
Lithium groups 


®F(2,42)=0.99, n.s. 


14.1 (3.6) 
16.0 (3.5) 


>F(1,42)=1.69, n.s. 


15.9 (3.9) 
16.7 (2.9) 


17.5 (3.4) 
15.3 (4.1) 


axbF(2,42)=2.11, n.s. 





B. Lithium effects on stimulation-induced taste preferences 


Treatment? 


dose of LiCl (mEq/kg)* 
0.75 1.5 





Coffee/self-stimulation 
Coffee/no stimulation 


°F(2,42)=2.13, n.s. 


14.1 (2.8) 
16.7 (2.9) 


9F(1,42)=1.44, n.s. 


16.9 (5.0) 
16.1 (3.7) 


15.6 (3.4) 
14.8 (2.7) 


©x4F(2,42)=2.23, n.s. 








SUMMATION OF AFFECTIVE PROPERTIES 


ever, it is clear from the same figure, that adding the reward- 
ing brain stimulation to the treatment procedure sufficiently 
elevates the baseline consumption to a point where one 
could observe a dose-dependent effect of LiCl not otherwise 
detectable. In summary then, the present paradigm may be 
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useful not only as a measure of the rewarding properties of 
brain stimulation but also as a test of the aversive properties 


of 


drugs that may be more sensitive than traditional two- 


bottle CTA procedures. 
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GILLIAM, D. M. AND A. C. COLLINS. Acute ethanol effects on blood pH, PCO., and PO, in LS and SS mice 

PHYSIOL. BEHAV. 28(5) 879-883, 1982.—The effects of ethanol on blood pH, PCO,, and PO, were measured in LS and 
SS mice in an attempt to ascertain whether these lines of mice, which differ in CNS sensitivity to the behavioral effects of 
ethanol, also differ in sensitivity to physiological effects of this drug. Long-sleep (LS) female mice were injected intraperi- 
toneally with 1.8, 2.5, 3.3, or 3.8 g/kg ethanol; short-sleep (SS) female mice were administered 2.5, 3.3, 4.1, or 4.7 g/kg 
Blood pH, PCO., and PO, were assessed at 15, 30, 60, 120, or 180 min after injection of the 2.5 and 4.1 g/kg doses or at 60 
min after injection of the 1.8, 2.5, 3.3, 3.8, 4.1, and 4.7 g/kg doses. Opposite effects on blood pH and PCO, over time were 
obtained in LS and SS mice at the 2.5 g/kg dose. Acidosis characterized the LS line, whereas alkalosis characterized the 
SS. The results obtained with SS mice at the 4.1 g/kg dose were similar to those obtained with LS mice at the 2.5 g/kg dose 
The dose-response curve for the SS mice generated at 60 min post-injection lies to the right of that for the LS mice. The 
effects of high ethanol doses on SS mice resemble the effects of low doses on LS animals. Thus, the two lines of mice differ 
in response to the effects of ethanol on these parameters related to respiration. The difference in sensitivity to the 
respiratory depressant effects of ethanol may contribute to the differences in behavioral sensitivity between the two lines 


Ethanol Blood pH, PCO,, and PO, 


THE central nervous system (CNS) depressant actions of 
hypnotic agents are well known. Among CNS areas known 
to be susceptible to the depressant actions of hypnotic agents 
are respiratory centers of the medulla. Several hypnotic 
agents have been shown to produce an increase in ventilation 
at low doses and a decrease in ventilation at high doses. Low 
doses of ethanol, for example, produce an increase in rate of 
respiration [5, 14, 17], while a decrease in rate is seen at 
higher doses [8, 14, 17, 18, 22]. This change in rate may be a 
consequence of the effects of ethanol on centrally mediated 
responses to CO, [8]. Biphasic responses are characteristic 
of ethanol, which is also known to produce biphasic behav- 
ioral responses [12,19]. 

Differences in response to ethanol administration have 
been well studied in the long-sleep (LS) and short-sleep (SS) 
lines that have been selectively bred for differential sensitiv- 
ity to a hypnotic dose of ethanol [13]. Research using the LS 
and SS mice has recently been reviewed [3]. Greater sen- 
sitivity to ethanol in LS mice has been demonstrated by a 
lower ED, for loss of the righting reflex [6], longer sleep 
time [6,21] (Gilliam and Collins, to be published), greater 
decrease in body temperature [9], and decrease in open-field 
activity [19] (Ritz, George and Collins, to be published) at 
lower doses of ethanol as compared to SS mice. 





Selected mice 


In view of these differences in behavioral sensitivity to 
ethanol, it seemed reasonable to suspect that ethanol may 
cause decreased ventilation in LS mice at lower doses of 
ethanol than in SS mice. Decreased ventilation should result 
in increased blood PCO, and decreased blood pH, whereas 
increased ventilation should result in decreased PCO, and 
increased pH. Blood PO, is probably influenced by both re- 
spiration rate and tissue utilization. 

The current study was initiated in order to determine 
whether LS and SS mice do, indeed, differ in the effects of 
ethanol on respiration. Respiration rate is quite difficult to 
monitor in the mouse; fortunately, however, recent ad- 
vances in the measurement of blood pH, PCO,, and PO, 
have made it quite easy to measure these related parameters. 
The data presented in this report demonstrate that LS and SS 
mice differ in the effects of ethanol on respiration. This effect 
may contribute to the differences between the lines in their 
sensitivity to the behavioral effects of ethanol. 


METHOD 
Subjects 


Female LS and SS mice from the 21st generation of the 
selective breeding program were used in this study. These 
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grant AA-03527. It was also partially supported by BRSG grant RR-07013-14 awarded by the Biomedical Research Support Grant Program, 


Division of Research Resources, National Institutes of Health. 


2Send reprint requests to Dr. Allan C. Collins, Institute for Behavioral Genetics, Box 447, University of Colorado, Boulder, CO 80309. 


Copyright © 1982 Brain Research Publications Inc.—0031-9384/82/080879-05$03.00/0 





880 


animals were tested at 70+10 days of age between 1300 and 
1600 hr. The normal 12-hr light cycle (lights on from 700 to 
1900 hr) was maintained throughout the experiment. Am- 
bient temperature was 22+1.5°C. Littermates were distrib- 
uted randomly among all time points and doses in the follow- 
ing experiments. 


Time Course 


LS mice were injected intraperitoneally (IP) with 2.5 g/kg 
ethanol; SS mice received an IP ethanol dose of either 2.5 or 
4.1 g/kg. Injection volumes were 0.01 ml/g body weight (BW) 
for the 2.5 g/kg dose and 0.013 ml/g BW for the 4.1 g/kg dose. 
Different groups of ethanol-treated mice were then tested for 
blood pH, PCO,, and PO, at 15, 30, 60, 120, or 180 min 
post-injection. Uninjected and saline-injected controls were 
also tested to establish control levels of pH, PCO,., and PO,. 
Blood samples were obtained from the retro-orbital sinus 
using 120-u1 heparinized capillary tubes. Blood pH, PCO,, 
and PO, were determined by inserting the blood sample into 
a BMS3 Mk? blood micro system (Radiometer Copenhagen) 
equipped with a PHM73 pH/blood gas monitor (Radiometer 
Copenhagen). 


Dose Response 


LS mice were injected IP with 1.8, 2.5, 3.3, or 3.8 g/kg 
ethanol; the ethanol dose received by SS mice was either 2.5, 
3.3, 4.1, or 4.7 g/kg. Injection volumes were 0.01 ml/g BW 
for the 1.8, 2.5, and 3.3 g/kg doses; 0.016 ml/g BW for the 3.8 
g/kg dose; 0.013 ml/g BW for the 4.1 g/kg dose; and 0.02 ml/g 
BW for the 4.7 g/kg dose. Increased volumes for the higher 
doses were used to insure survival of the subjects for the 
duration of the experiments. Different groups of ethanol- 
treated mice were tested for blood pH, PCO,, and PO, at 60 
min after injection. Blood samples were obtained and 
analyzed in the manner described above, and uninjected and 
saline-injected controls were tested to establish control 
levels of pH, PCO,, and PO,. Data on animals injected with 
the 2.5 or 4.1 g/kg doses and tested at 60 min were combined 
within line in the time-course and dose-response analyses, as 
were data on uninjected and saline-injected controls. 


Analyses 


The significance of variations in these parameters was 
assessed by multivariate analysis of variance with the Statis- 
tical Package for the Social Sciences [15]. The Wilks test was 
used to determine statistical significance. One-way analyses 
of variance with post hoc tests (Scheffé [20]: p=0.05) were 
performed on scores generated by the first standardized dis- 
criminant function coefficients from the interaction term (for 
data resulting from the time-course experiment) or from the 
main effect (for data resulting from the dose-response exper- 
iment). Trend analysis was performed following the methods 
described by Kerlinger and Pedhazur [10]. 


RESULTS 


Saline injection did not have an effect on blood pH, PCO,, 
or PO, at any time. Data collected from saline-injected or 
uninjected mice were combined and represent control levels. 
Significant differences between lines, F(3,26)=3.3, p<0.05, 
were found for control levels of pH, PCO,, and PO, taken 
collectively. Control levels of blood pH were higher in LS 
than in SS mice, while control levels of PCO, and PO, did not 
differ significantly between lines. 
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MINUTES POST-INJECTION 

FIG. 1. Mean blood pH values for LS mice given 2.5 g/kg (A) and for 
SS mice given 2.5 g/kg (O) or 4.1 g/kg (QC) ethanol IP. Different 
groups of mice were assessed at 15, 30, 60, 120, or 180 min post- 
injection. N=6 to 9 per group. Solid triangle and solid hexagon 
represent control values for LS (N=15) and SS (N=15) mice, re- 
spectively. Brackets indicate +1 SE. 
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MINUTES POST-INJECTION 
FIG. 2. Mean blood PCO, values for LS mice given 2.5 g/kg (A) and 
for SS mice given 2.5 g/kg (O) or 4.1 g/kg (CO) ethanol IP. Different 
groups of mice were assessed at 15, 30, 60, 120, or 180 min post- 
injection. N=6 to 9 per group. Solid triangle and solid hexagon 
represent control values for LS (N=15) and SS (N=15) mice, re- 
spectively. Brackets indicate +1 SE. 


Time Course 


Figures 1, 2, and 3 show mean values of pH, PCO,, and 
PO., respectively, for control animals and for experimental 
animals at all time points. When composite blood pH, PCO,, 
and PO, measures for LS and SS mice injected with 2.5 g/kg 
ethanol were compared at 15, 30, 60, 120, or 180 min post- 
injection, results indicated a significant interaction between 
line and time, F(15,218)=4.5, p<0.001. Results of the mul- 
tivariate analysis revealed that SS composite values did not 
differ from control at any time point. However, LS compo- 
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FIG. 3. Mean blood PO, values for LS mice given 2.5 g/kg (A) and 
for SS mice given 2.5 g/kg (O) or 4.1 g/kg (0) ethanol IP. Different 
groups of mice were assessed at 15, 30, 60, 120, or 180 min post- 
injection. N=6 to 9 per group. Solid triangle and solid hexagon 
represent control values for LS (N=15) and SS (N=15) mice, re- 
spectively. Brackets indicate +1 SE. 





site values were found to differ from control at 15, 30, and 60 
min post-injection. For LS mice, pH decreased from control 
levels at 15 min and remained depressed through 60 min (Fig. 
1), PCO, was markedly elevated at 60 min (Fig. 2); and PO, 
was greatly elevated at 15, 30, and 60 min, with a return to 
near normal levels at 120 and 180 min post-injection (Fig. 3). 
An unexpected finding was that the composite blood meas- 
ures in the SS mice injected with the 4.1 g/kg dose and LS mice 
injected with 2.5 g/kg showed similar changes over time, 
F(15,213)=0.1, p>0.05. 

Trend analysis revealed significant LS-SS differences in 
the equations that describe the effects of the 2.5 g/kg dose on 
blood pH, PCO,, and PO, over time. However, when LS 
mice injected with 2.5 g/kg were compared with SS mice 
injected with 4.1 g/kg, similar equations were found to de- 
scribe the time course of the PO, measures. Trends for pH 
and PCO, differed between lines. 

The composite blood measures for SS mice injected with 
2.5 or 4.1 g/kg ethanol were compared at 15, 30, 60, 120, and 
180 min post-injection. The results of this analysis indicated 
a significant interaction between time and _ dose, 
F(15,174)=3.5, p<0.001. Multivariate analysis revealed that 
none of the values for SS mice injected with the 2.5 g/kg dose 
differed from control, but that the measures for SS mice 
given the 4.1 g/kg dose differed from the control value at 15, 
30, 60, and 120 min. For SS mice injected with 4.1 g/kg, pH 
decreased from the control value at 15 min post-injection, 
remained depressed through 120 min, and returned to the 
control value at 180 min (Fig. 1); PCO, was elevated at 60 
and 120 min post-injection (Fig. 2); and PO, increased from 
the control value at 15 min and remained elevated through 
180 min (Fig. 3). 








FIG. 4. Mean blood pH values at 60 min post-injection for LS mice 
(A) given 1.8, 2.5, 3.3, or 3.8 g/kg or for SS mice ( © ) given 2.5, 3.3, 
4.1, or 4.7 g/kg ethanol IP. N=6 to 9 per group. Solid symbols 
indicate control values. Brackets indicate +1 SE. 
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FIG. 5. Mean blood PCO, values at 60 min post-injection for LS 
mice (A) given 1.8, 2.5, 3.3, or 3.8 g/kg or for SS mice (©) given 
2.5, 3.3, 4.1, or 4.7 g/kg ethanol IP. N=6 to 9 per group. Solid 
symbols indicate control values. Brackets indicate +1 SE. 


Dose Response 


Figures 4, 5, and 6 show mean values of pH, PCO,, and 
PO,, respectively, for control animals and for experimental 
animals at each dose at 60 min post-injection. For both the 
LS and SS lines, composite blood measures varied as a 
function of dose, F(12,85)=18.6, p<0.001; F(12,96)=10.2, 
p<0.001, respectively. Values for LS mice given a dose of 
2.5, 3.3, or 3.8 g/kg and for SS mice that received 3.3, 4.1, or 
4.7 g/kg differed significantly from control. Both LS and SS 
mice show a dose-dependent decrease in pH and a dose- 
dependent increase in PO,. There is an elevation of PCO, for 
LS mice at the 2.5 g/kg dose and for SS mice at the 4.1 g/kg 
dose. Trend analysis revealed that the equations that de- 
scribe the dose-response curves for pH, PCO,, or PO, do not 














FIG. 6. Mean blood PO, values at 60 min post-injection for LS mice 
(A) given 1.8, 2.5, 3.3, or 3.8 g/kg or for SS mice ( © ) given 2.5, 3.3, 
4.1, or 4.7 g/kg ethanol IP. N=6 to 9 per group. Solid symbols 
indicate control values. Brackets indicate +1 SE. 


differ significantly between the LS and SS lines. The dose- 
response curve for the SS mice thus represents a rightward 
shift in the dose-response curve for the LS mice. 


DISCUSSION 


This study demonstrates that the effects of ethanol admin- 
istration on blood pH, PCO,, and PO, occur at lower doses 
for LS mice than for SS mice. LS mice given a dose of 2.5 
g/kg show a decrease in blood pH, a general increase in 
PCO,, and a greatly increased PO, over time. The same dose 
in SS animals produces very different effects: an increase in 
blood pH, a substantial decrease in PCO,, and only a slight 
increase in PO, over time. The response of SS mice to a 
much higher dose of ethanol (4.1 g/kg) is similar to the re- 
sponse seen in LS mice at the 2.5 g/kg dose. Blood pH is 
decreased, and there is an increase in both PCO, and PO,. 

The differences in sensitivity of LS and SS mice to 
ethanol’s effects on blood pH, PCO,, and PO, are particu- 
larly well demonstrated in their response to increasing doses 
of ethanol at 60 min post-injection. Blood pH in LS mice 
shows an increase at the 1.8 g/kg dose and a progressive 
decrease at higher doses. SS mice exhibit a simi!ar pattern, 
but their responses lie to the right of LS mice on the dose- 
response curve. For example, SS mice require higher doses 
of ethanol than LS mice in order to exhibit decreases in pH. 
The differential sensitivities of LS and SS mice with respect 
to changes in blood pH at increasing doses of ethanol are 
mirrored by changes in PCO, and PO,. Interestingly, a 
change in the injection volume seems to influence the effect 
of ethanol on pH, PCO,., and PO,. LS mice given 3.3 g/kg 
ethanol in an injection volume of 0.01 ml/g BW showed a 
greater decrease in pH than did LS mice given 3.8 g/kg 
ethanol in an injection volume of 0.016 ml/g BW. A similar 
phenomenon was also seen for SS mice. SS mice given 4.1 
g/kg ethanol in an injection volume of 0.013 ml/g BW showed 
a greater decrease in blood pH than SS mice given 4.7 g/kg 
ethanol in an injection volume of 0.02 ml/g BW. The cause of 
this reversal in effect of ethanol on blood pH is not clear. 
However, a concentration-dependent effect of ethanol on 
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blood pH, PCO.,, and PO,, as well as on respiration rate, in 
the LS and SS mice has been verified in our laboratory (Gil- 
liam and Collins, to be published). 

As noted previously, ethanol is known to produce respira- 
tory depression at high doses [8, 14, 17, 18, 22], while low 
doses may increase respiration rate [5, 14, 17]. Hyperventi- 
lation leads to respiratory alkalosis (increased blood pH) and 
decreased PCO,. These changes characterize the responses 
of LS mice to the 1.8 g/kg dose and SS mice to the 2.5 g/kg 
dose at 60 min post-injection. The results seen with the LS 
mice at 2.5 g/kg and the SS mice at 4.1 g/kg may be a conse- 
quence of ethanol’s depressant action on central respiratory 
centers. Therefore, the medullary centers responsible for re- 
spiration may be differentially sensitive to ethanol’s effects 
in the LS and SS mice. This notion receives support from the 
observation that LS cerebellar Purkinje cells are one to two 
orders of magnitude more sensitive to the depressant effects 
of locally administered ethanol than are those from the SS 
mice [23]. Ethanol has been shown to decrease the centrally 
mediated ventilatory response to CO , in a dose-dependent 
manner [8]. Respiratory depression and/or decreased re- 
sponsiveness to CO, result in respiratory acidosis, which 
would cause a decrease in blood pH. Metabolic acidosis re- 
sulting from the metabolism of ethanol to acetic acid or a rise 
in blood lactate during ethanol oxidation may contribute to 
the decrease in blood pH following the administration of 
ethanol in doses equal to or greater than 2.5 g/kg for LS mice 
or 3.3 g/kg for SS mice. 

A somewhat surprising finding was the increase in PO, 
seen following ethanol administration. We had expected to 
find reduction in PO,, especially at the higher ethanol doses, 
as a result of the respiratory depression. The observed in- 
crease in PO, may be explained by the fact that decreases in 
blood pH are known to lower the affinity of the hemoglobin 
molecule for oxygen [2], the Bohr effect. Thus, the presence 
of more oxygen in the dissolved form may contribute to the 
initial increase in PO, seen in LS and SS mice at higher 
ethanol doses. Decreased affinity of hemoglobin for oxygen 
and hypoventilation may result in limiting the amount of 
oxygen distributed to peripheral tissues. The central nervous 
system is particularly sensitive to a reduction in arterial oxy- 
gen saturation, which often results in unconsciousness [1]. 
The differential sensitivities of LS and SS mice to respiratory 
changes as a result of ethanol administration may contribute 
to the line difference in ethanol-induced narcosis. 

A more parsimonious explanation may be a differential 
effect of ethanol on the cardiovascular systems of LS and SS 
mice. Ethanol is known to produce a depression of the me- 
chanical performance of cardiac muscle [4, 11, 16]. Decreas- 
ing cardiac output below normal causes a progressive de- 
crease in total body oxygen consumption [7]. A decrease in 
oxygen consumption as a result of depressed cardiac output 
may be detected as an increase in PO,. LS mice show an 
increase in PO, which may result from decreased oxygen 
consumption at much lower doses than in SS mice. Ethanol 
may thus have a depressant action on cardiac output which 
could result in decreased oxygen consumption for LS mice at 
2.5 g/kg and for SS mice at 4.1 g/kg. Wallgren [24] has also 
shown that ethanol reduces cerebral oxygen uptake. Thus, a 
differential effect of ethanol on cardiac output may result in 
differences in oxygen consumption that contribute to the line 
difference in sensitivity to a hypnotic dose of ethanol. 

The results obtained in this study may be the conse- 
quence of differential sensitivities to ethanol of respiratory 
and cardiovascular regulatory mechanisms in LS and SS 
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sensitivities of LS and SS mice to the acute administration of 
ethanol and provides support for the notion that responses to 
ethanol are partially genetic in origin. 


mice. Ascertaining whether these differences are centrally 
and/or peripherally mediated will require further research. 
This study, however, further substantiates the differential 
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KRALY, F. S., A. F. MOORE, L. A. MILLER AND A. DREXLER. Nocturnal food-related hyperdipsia in the adult 
spontaneously hypertensive rat. PHYSIOL. BEHAV. 28(5) 885-891, 1982.—Male adult spontaneously hypertensive rats 
(SHR) ate the same but drank more and had a higher water to food ratio (W:F) than did Wistar-Kyoto (WKY) rats in 24-hr 
when they had continuous access to standard laboratory pellets and tap water. When rats ate in the day phase of a 12:12 
light/dark cycle after 24-hr food deprivation, SHR rats ate and drank the same as did WKY rats in a 60-min test. When the 
same rats ate at night after 24-hr food deprivation, however, SHR rats were hyperdipsic: They ate the same as did WK Y 
rats, but SHR rats drank more and had a higher W:F. This relative hyperdipsia reflected the increased ability of ingestion of 
food to stimulate drinking in SHR, because when food was absent for a 60-min test at night SHR drank the same as did 
WKY rats. Three dipsogens which are candidate components for eating-elicited drinking in the rat, cellular dehydration, 
histamine and angiotensin II, elicited drinking differentially in SHR and WKY rats: SHR drank more than did WKY rats in 
response to (1) cellular dehydration produced by IP hypertonic saline, (2) large doses of SC histamine, and (3) SC 
angiotensin II. These results demonstrate that SHR exhibit a nocturnal food-related hyperdipsia which may reflect differ- 
ential sensitivity to stimuli important for eating-elicited drinking such as increased osmolality and endogenous histamine or 


angiotensin. 


Food-related drinking SHR Cellular dehydration 


Hyperdipsia Histamine 


Drinking Hypertension Angiotensin II 





THE precise role of ingestion in the development and main- 
tenance of high blood pressure in humans or in spontane- 
ously hypertensive rats (SHR) is unclear. While there is evi- 
dence that increased intake of salt may contribute to the 
development and/or maintenance of hypertension in humans 
[15] and SHR [6, 14, 29, 31] little else is known about appe- 
tite and dietary habits of the SHR—a useful animal model of 
human essential or idiopathic hypertension. We have begun 
a study of ingestion in adult SHR and report here an eating- 
elicited hyperdipsia and disordered drinking in SHR. 


EXPERIMENT | 


This experiment was designed to provide a description of 
eating and drinking of hypertensive SHR and genetically- 
similar normotensive adult Wistar-Kyoto (WKY) rats main- 
tained under standard labotatory conditions. 


METHOD 


Animals 


Age-matched male SHR (n=10) and WKY (n=6) rats 
(Taconic Farms, Germantown, NY) were housed individually 
in conventional wire-mesh cages on a 12:12 hr light/dark cycle. 
Rats had continuous access to Charles River pellets on the cage 
floor and tap water available from a stainless-steel spout at- 


tached to a graduated cylinder. Rats were 5 months of age at the 
time of testing; SHR weighed significantly (p<0.05) less than 
did WKY rats and were frankly hypertensive [31]. Blood pres- 
sure was not measured until the end of the experiments re- 
ported here because we did not wish to introduce the con- 
found of a reliable invasive procedure (e.g., catheterization) 
or a less reliable procedure that might introduce trauma 
(e.g., tail cuff}—procedures which could have jeopardized 
the sensitive and reliable measurement of behavior in these 
experiments. (Data were routinely gathered in age-matched 
Sprague-Dawley (SD) males in these experiments. Select 
comparisons of SD rats to SHR and WKY are provided 
when appropriate.) 


Procedure 


Rats were made accustomed to being handled, weighed 
and offered fresh food and water daily at 1:00 p.m.— 
approximately 6 hr into the light phase. Measured amounts 
of food and water were offered at this time. Twenty-four hr 
later uneaten food was removed from the cage and spillage 
was recovered from a tray beneath the cage; food intake was 
determined by subtracting the amount of uneaten food plus 
spillage from the amount of food originally offered (to the 
nearest 0.1 g). Water intake was recorded by reading the 
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graduated markings on the water bottle. Body weight and 
food and water intakes were recorded in this manner for 7 
consecutive days; the data from the last 5 days (non- 
weekend) were analyzed. 


Blood Pressure 


Systolic blood pressure was determined in all surviving 
rats at the conclusion of all experiments reported here ac- 
cording to the following procedure. Conscious rats were 
warmed at 35°C for 10 min and then each rat was placed in a 
restrainer for the first time in their lives. An inflatable cuff 
was placed around the tail and a Grass 1010 microphone, 
connected to a Grass Model 79D polygraph, was placed on 
the tail. Sufficient pressure was applied to the cuff to occlude 
blood flow to the tail. The pressure at which pulsations re- 
turned after release of air from the cuff was the estimate of 
systolic blood pressure. Three such determinations were 
made for each rat; the mean of the last two readings was 
taken to be the systolic pressure. The experimenters measur- 
ing blood pressure were unaware of the identity of the rats 
being examined. The SHR (mean: 212=18.5 (standard de- 
viation) mmHg) had significantly, 1(10)=7.3, p<0.001, ele- 
vated systolic blood pressure as compared to WKY rats 
(mean: 131+16.5 mmHg). 


Data Analysis 


Data for body weight, 24-hr food intake, 24-hr water in- 
take and 24-hr water to food ratio (W:F) from the 5 consecu- 
tive days were each pooled into a 5-day mean score for each 
rat. Food and water intakes were expressed as g or ml/100 g 
body weight. Between-group comparisons were made with a 
t-test for independent means. All p values reported in this 


manuscript were based nondirectional 2-tailed 


analyses. 


upon 


RESULTS AND DISCUSSION 


The SHR ate the same in 24 hr as did WKY rats with 
continuous access to food and water, 1(14)=0.5, p>0.20 
(Table 1). The SHR drank significantly more, 1(14)=2.9, 
p<0.02, however, than did WKY rats and therefore exhib- 
ited a significantly higher, t(14)=2.5, p<0.05, W:F (Table 1). 
This relative hyperdipsia represents 15.5% more water con- 
sumed than was drunk by WKY rats (and 38% more than that 
drunk by SD rats tested under identical conditions). 


EXPERIMENT 2 


While the results of Experiment | show that SHR are 
relatively hyperdipsic in 24 hr when they have continuous 
access to solid food and water, it is not clear exactly when or 
why they drink more. Because rats are reported to eat and 
drink the majority of their food and water at night [34] and 
because 80-90% of their drinking occurs in close temporal 
association with eating, or is food-related [12,20], we exam- 
ined eating and drinking in SHR and WKY rats in both the 
day and night phases under conditions in which we could 
evaluate whether the hyperdipsia in SHR rats depended 
upon the presence of food. 


METHOD 


Animals 


The SHR (n=9) and WKY (n=6) rats from Experiment | 
were housed and maintained as described for that experi- 
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TABLE | 


MEAN (+SE) INGESTION (24-HR) WITH CONTINUOUS ACCESS TO 
PELLETS AND WATER 





Drinking 
(ml/100 g) 


Body Weight Eating 
(g) (g/100 g) 





SHR 339.6 + 4.8 6.6 + 0.1 2.9 = G5 


(n=10) 


p <0.05 <0.05 


<0.02 
10.9 + 0.4 


>0.20 


WKY 354.3 + 2.9 635262 1.7 + 0.05 


(n=6) 





SHR, Spontaneously hypertensive rat; WKY, Wistar-Kyoto. 


ment. One SHR had become ill and was not included in this 
experiment. Rats were between 6 and 8 months old at the 
time of this experiment. 

For this experiment and for those to follow, the room 
housing the rats was illuminated during the 12-hr day phase 
by fluorescent lighting while four 25 watt red incandescent 
bulbs shone on the front of the rack of cages. During the 
12-hr dark phase, the fluorescent lights were turned off but 
the red bulbs remained on to provide dim illumination to 
facilitate observation of the behavior of the rats. These con- 
ditions for lighting were used whether rats were on a normal 
12:12 cycle (Experiment 2) or adapted to a reversed light/ 
dark cycle (Experiment 3). Rats display clear diurnal 
rhythms of activity, eating and drinking behavior under such 
conditions [22]. Rats had continuous access to food pellets 
and water as described for Experiment | except during food 
deprivation prior to testing when only water was available. 


Procedure 


Rats ate pellets and drank water following 24-hr food 
deprivation. Rats were tested eating at 4 hr into the day or 
night phase; rats were tested under each of these conditions. 
Food was removed at 9:00 (a.m. or p.m.)}—24 hr prior to the 
test, body weights were recorded, and rats were returned to 
their home cages with only water available for 24 hr. Rats 
were again weighed 23.5 hr later and returned to their home 
cages. At the 24-hr deprivation mark, rats were offered a 
measured amount of food pellets on the floor of the cage and 
the test was begun. Rats were allowed to eat and drink freely 
for 1 hr and were observed throughout the I-hr test. Latency 
to initiate drinking was recorded and water intake was meas- 
ured by reading from the graduated cylinders at 5-min inter- 
vals for the first 30 min and at 15-min intervals thereafter. 
Food intake was determined at the end of the test by sub- 
tracting the weight of pellets remaining in the cage and of 
spillage recovered beneath the cage from the weight of food 
placed in the cage at the beginning of the test. Rats resumed 
continuous access to pellets and water immediately after the 
test. 

The incidence of eating, drinking, grooming of head or 
body, locomotion, and resting was recorded for each rat by 
sampling its behavior at precise 2-min intervals throughout 
the 1-hr test. Reclining in the cage with the abdomen touch- 
ing the floor of the cage constituted resting behavior. 

Rats were also tested (during the day and at night) in a 
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FIG. 1. Mean 60-min food intake, water intake and water to food 
ratio (W:F) for WKY (open bars) and SHR (black bars) rats eating 
and drinking in the day phase after 24-hr food deprivation. Vertical 
lines denote standard error. 


control procedure, i.e., a l-hr test (after 24-hr food depriva- 
tion) during which no food was available. 


Data Analysis 


Because SHR weighed significantly less than did WKY 
rats, intake data were expressed as g or ml/100 g body 
weight. Planned between-group comparisons were made 
with a ¢-test for independent means. Planned within-group 
comparisons were made with a matched-pair f-test. 


RESULTS 
Day 


The SHR ate the same, 1(14)=0.04, p>0.20, drank the 
same, #(14)=0.3, p>0.20, and exhibited the same W:F, 
t(14)=0.8, p>0.10, as did WKY rats when eating in the day 
after 24-hr food deprivation (Fig. 1). The drinking observed 
was elicited by eating because under identical conditions ex- 
cept for the absence of food, SHR drank a mean (+standard 
error) of 0.1+0.1 ml/100 g and WKY rats drank a mean of 
0.2+0.1 ml/100 g in the 1-hr control test, 7(14)=0.8, p>0.10. 
Despite the fact that SHR and WKY ate and drank similar 
amounts, SHR were more frequently observed to be eating, 
t(14)=5.0, p<0.001, and less frequently observed to be 
exploring the home cage, #(14)=4.3, p<0.001, or standing 
still in the cage, 7(14)=5.8, p<0.001. 


Night 


While SHR ate the same, ¢(13)=0.7, p>0.20, as did WKY 
rats eating at night after 24-hr food deprivation, SHR drank 
significantly more, t(13)=4.5, p<0.001, and therefore exhib- 
ited a significantly higher W:F, #(13)=3.1, »<0.01, in the 1-hr 
test (Fig. 2). In fact, water intake of SHR was significantly 
greater than that of WKY rats as early as 15 min (p<0.01), 30 
min (p<0.001) and 45 min (p<0.001) into the test although 
the latency to initiate drinking after eating did not differ, 
t(13)=1.7, p>0.10. This relative hyperdipsia reflects the in- 
creased ability of ingestion of food to stimulate drinking in 
SHR rats (and not, for example, a diurnal variation in drink- 
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FIG. 2. Mean 60-min food intake, water intake and water to food 
ratio (W:F) for WKY (open bars) and SHR (black bars) rats eating 
and drinking at night after 24-hr food deprivation. Vertical lines 
denote standard error. *, p<0.01; **, p<0.001 


TABLE 2 


MEAN (+SE) INCIDENCE OF VARIOUS BEHAVIORS IN 
A 60-MIN TEST AT NIGHT 





WKY (n=6) SHR (n=9) 





Eating 14.0 + 0.8 0.10 18.1 + 
Drinking Toate 0.10 9.6 + 
Drink/Eat/Drink 0.7 + 0.3 0.05 2.8 + 
Grooming head 1.8 + 0.8 0.20 1.9 + 
Grooming body + 0.7 0.01 0.9 + 
Exploring 3+ 0.3 0.01 re 
Rearing + 0.5 0.20 0.7 + 
Resting Se is 0.001 21422 





Drink/Eat/Drink signifies an incident of eating observed to have 
been both immediately preceded by and followed by an incident of 
drinking. 

WKY, Wistar-Kyoto; SHR, Spontaneously hypertensive rat 


ing per se) because when food was absent for a 1-hr control 
test at night, SHR drank the same as did WKY rats (SHR: 


0.8+0.2 ml/100 g; WKY: 1.0+0.2 ml/100 g; 7(13)=0.4, 
p>0.20). 

The SHR were also observed to groom their body less, 
t(13)=3.2, p<0.01, to explore the home cage less, ¢(13)=4.1, 
p<0.01, to recline in the cage more often, 1(13)=4.5, 
p<0.001, and to interrupt eating by drinking more often, 
1(13)=2.4, p<0.05, than did WKY rats when tested eating 
and drinking at night (Table 2). On the other hand, SHR were 
observed to be eating, drinking, grooming the head and rear- 
ing with the same frequency as WKY rats (Table 2; all 
p’s>0.10). 


DISCUSSION 


Spontaneously hypertensive rats exhibited more drinking 
around mealtime and higher W:F than WKY rats when eat- 
ing at night but not when eating during the day. This noctur- 
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nal hyperdipsia is food-related because it did not occur under 
identical testing conditions without food. These findings are 
consistent with the findings of Experiment 1: During a 24-hr 
(day/night) cycle SHR drank an average of 18% more than 
did WKY rats; when observed eating a single meal at night in 
this experiment SHR drank an average of 28% more than did 
WKY rats during a single meal (Fig. 2). 

The behavior of SHR eating and drinking at night is 
marked by findings other than hyperdipsia. Less grooming, 
less exploration of the cage and more resting are observed 
during and after a meal in SHR than in WKY rats. Most 
interesting is the finding that SHR rats are observed to inter- 
rupt eating with drinking more often than do WKY rats when 
eating at night (Table 2). This style of drinking was not 
observed in SHR rats eating during the day and was not 
accompanied by increased spillage of food that is evident in 
rats which have been rendered desalivate [10]. The signifi- 
cance of these findings for the observed hyperdipsia remains 
to be determined. 

The neuroendocrine control of this nocturnal food-related 
hyperdipsia and, of course, the relative importance of this 
phenomenon for the development and/or maintenance of 
hypertension in SHR is not known. Given that the W:F of 
SHR (1.9+0.1 ml/g) exhibited at night under these condi- 
tions is nearly twice that exhibited by age-matched Sprague 
Dawley (1.1+0.2 ml/g) and Wistar (1.0+0.1 ml/g) rats tested 
under identical conditions in our laboratory, we believe the 
phenomenon is worthy of further study. 


EXPERIMENT 3 


The physiological mechanisms that control the onset and 
duration of drinking around mealtime, or food-related drink- 
ing, are largely unknown and relatively unexplored despite 
the accumulated wealth of knowledge concerning the 
neuroendocrine control of drinking following changes in cel- 
lular and extracellular fluid balance [9,11]. There is evidence 
for at least three mechanisms for eating-elicited drinking in 
the rat. First, there are reports of a temporal correlation 
between the initiation of drinking after a meal and the ap- 
pearance of cellular dehydration indicated by increased 
blood osmolality in the rat [1,7]. The hypothesis that cellular 
dehydration is a sufficient stimulus for food-related drinking 
is supported by the finding that abdominal vagotomy dis- 
rupts both drinking after cellular dehydration [2, 21, 23, 28] 
and food-related drinking in the rat [26]. Second, endoge- 
nous histamine has been implicated as a component for 
food-related drinking: Eating is a sufficient stimulus for the 
release of histamine from gastric mucosa of the rat [18] and 
eating-elicited release of histamine appears to be vagally- 
mediated [3]. Drinking elicited by histamine also appears to 
be vagally-mediated because it is partially dependent upon 
the integrity of gastric vagal afferent function [25]. These 
findings are consistent with the report that peripherally- 
active histamine (H,)antagonists inhibit drinking around 
mealtime in the rat [24]. Third, angiotensin has been impli- 
cated as a component for food-related drinking: Plasma renin 
activity is increased during eating in sheep [4] and 
angiotensin II in blood is increased following a meal in rats 
[17]. 

Based on these findings concerning the neuroendocrine 
control of food-related drinking in the rat, this experiment 
explores the possibility that the nocturnal food-related 
hyperdipsia in SHR reflects a differential sensitivity to food- 
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related stimuli for thirst—specifically cellular dehydration, 
histamine and angiotensin II. 


METHOD 


Animals 


The SHR (n=10) and WKY (n=6) rats from Experiments 
1 and 2 were housed and maintained as described for Exper- 
iment 2 on a reversed 12:12 light/dark cycle. Rats were be- 
tween 9 and 10 months old at the time of testing and had been 
on the reversed cycle for 1 month [34]. 


Procedure 


Cellular dehydration. Rats were tested for drinking after 
intraperitoneal (IP) 0.15 M (0.9%) NaCl or 1 M NaCl (0.0625, 
0.125, 0.25, 0.5 and 1.0% body weight) in the following man- 
ner: Rats were deprived of food and body weights were 
recorded at the midpoint of the 12-hr night phase (10:00 
a.m.). Following 30 min of food deprivation, rats were in- 
jected IP with either 0.5 ml 0.15 M NaCl or 1 M NaCl and 
immediately returned to their home cages with tap water 
available. Latency to drink was recorded (up to 30 min) as 
well as water intake at 5-min intervals for 30 min and at 45 
and 60 min after the injection. The test was terminated | hr 
after injection; rats then resumed free access to pellets and 
water. 

A control (0.15 M NaCl) test determined baseline for 
drinking prior to the first | M NaCl test and a control test 
was repeated after every third | M NaCl test. Tests were 
administered every fourth day. The | M NaCl dosages were 
given in ascending sequence to guard against using a dose 
that might compromise the health of the hypertensive rats. 

Histamine. Rats were tested for drinking after subcutane- 
ous (SC) 0.5 ml 0.15 M NaCl or histamine diphosphate (1.25, 
2.5, 5, 10, and 20 mg/kg body weight; 20 mg/ml distilled 
water [24]; Sigma Chemical Co., St. Louis, MO) in the man- 
ner described for cellular dehydration tests. Histamine dos- 
ages were given in ascending sequence to minimize risk to 
the rats. When it was determined that a 20 mg/kg dose debili- 
tated the WKY rats but not the SHR the SHR received a 40 
mg/kg dose on their final test. 

Angiotensin II. Rats were tested for drinking after SC 0.5 
ml 0.15 M NaCl or angiotensin II (0.06, 0.12, 0.25 and 0.5 
mg/kg body weight; | mg/ml 0.15 M NaCl; Ile®-Angiotensin 
II, Peninsula Laboratories, Inc., San Carlos, CA) in the 
manner described for cellular dehydration tests. 


Data Analysis 


Water intake data were first analyzed with analysis of 
variance: Within-group comparisons were subsequently 
made with a matched-pair f-test and between group compari- 
sons were made with analysis of covariance or a f-test for 
independent means. The mean scores for saline control tests 
were used for analysis and presentation of results because 
analysis of variance showed that drinking on control tests did 
not change with repeated testing (all p’s>0.20). Linear regres- 
sion lines were fitted to the appropriate points in the figures by 
the method of least squares. Comparison of slopes based upon 
the plotted points was made according to the method described 
by Edwards [8]. 
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FIG. 3. Mean 60-min change from baseline (0.15 M NaCl) drinking 
for WKY (black circles and solid line) and SHR (open circles and 
hatched line) rats following IP 1 M NaCl. Lines were fitted by the 
method of least squares regression. Data are plotted in semi-log 
fashion. WKY: Y=1.1+0.8 logX; SHR: Y=3.0+2.6 logX. 


RESULTS 


Cellular Dehydration 


While SHR and WKY rats drank in a dose-related manner 
in response to IP hypertonic saline, F(5,70)=56.3, p<0.001, 
cellular dehydration was more effective for eliciting drinking 


in SHR than in WKY rats, F(1,14)=11.5, p<0.005, and dose 
interacted with type of rat for eliciting drinking, 
F(5,70)= 10.8, p<0.001 (Fig. 3). The WKY rats drank in a 
dose-related manner after hypertonic saline, F(5,25)=2.6, 
p<0.05; the threshold dose for a statistically significant, 
t(5)=3.0, p<0.05, increase in drinking was 0.25% body 
weight | M NaCl IP. The straight line (Fig. 3) calculated from 
the linear regression analysis accounts for 94% of the total 
variance. 

The SHR also drank in a dose-related manner after hyper- 
tonic saline, F(5,45)=98.0, p<0.001, but the threshold dose 
was lower than that for WKY rats—0.125% body weight 1 M 
NaCl, 1(9)=4.9, p<0.001. The straight line calculated from 
the linear regression analysis accounts for 90% of the total 
variance in SHR. The slopes of the regression lines were not 
significantly different, 7(6)=1.2, p>0.10. 

The differential potency of cellular dehydration for elicit- 
ing drinking in SHR and WKY rats was evident for the 
higher doses: the 0.25% dose, F(1,13)=5.8, p<0.05, the 0.5% 
dose, F(1,13)=7.1, p<0.025 and the 1.0% dose, F(1,13) 
=20.3, p<0.001, elicited significantly more drinking in SHR 
than in WKY rats (Fig. 3). 


Histamine 


The SHR and WKY rats drank in a dose-related manner 
in response to SC histamine, F(5,65)=5.0, p><0.001 (Fig. 4). 
While histamine was not systematically differentially effec- 
tive for eliciting drinking in SHR and WKY sats, 
F(1,13)=1.2, p>0.20, the effect of dose interacted with the 
type of rat to elicit drinking, F(5,65)=3.5, p<0.01 (Fig. 4). 
The WKY rats drank in a dose-related manner after his- 
tamine, F(4,20)=4.0, p<0.025, up to the 20 mg/kg dose 
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FIG. 4. Mean 60-min change from baseline (0.15 M NaCl) drinking 
for WKY (black circles and solid line) and SHR (open circles and 
hatched line) rats following SC histamine. Lines were fitted by the 
method of least squares; the 20 mg/kg dose was excluded from the 
regression analysis for WKY rats because it produced clear evi 
dence of debilitation. Data are plotted in semi-log fashion. WKY 
Y=—0.3+1.2 logX; SHR: Y=—0.4+1.0 logX 


where there was clear evidence for rats being somewhat de- 
bilated (e.g., staggering) and drinking was decreased (Fig. 
4). The straight line calculated from the linear regression 
analysis (for 1.25 to 10 mg/kg) accounts for 98% of the total 
variance for WKY rats. 

The SHR also drank in a dose-related manner after his- 
tamine, F(6,48)=14.4, p<0.001; the straight line calculated 
from the linear regression analysis accounts for 92% of the 
total variance in SHR. The slopes of the regression lines 
were not significantly different, 1(6)=0.9, p>0.10. 

While the drinking of SHR was for the most part similar to 
that of WKY rats, SHR did drink differently to the larger 
doses of histamine. For example, while WKY rats appeared 
debilitated by the 20 mg/kg dose, SHR rats showed no signs 
of debilitation and their drinking was characteristic of the 
rest of their dose-response curve. Moreover, SHR further 
increased drinking in response to 40 mg/kg unlike WKY and 
SD rats [24]. 


Angiotensin Il 

While SHR and WKYY rats drank in a dose-related manner 
in response to SC angiotensin II, F(4,48)=10.7, p<0.001, 
angiotensin II was more effective for eliciting drinking in 
SHR than in WKY rats, F(1,12)=6.8, p<0.025 (Fig. 5). 
There was no interaction between dose and type of rat, 
F(4,48)=2.3, p>0.05. The WKY rats drank in a dose-related 
manner after angiotensin II, F(4,20)=5.8, p<0.005; the 
threshold dose for a statistically significant, 1(5)=2.8, 
p<0.05, increase in drinking was 0.5 mg/kg body weight. The 
straight line calculated from the linear regression analysis 
accounts for 81% of the total variance. 

The SHR also drank in a dose-related manner after 
angiotensin II, F(4,28)=7.5, p<0.001, but the threshold dose 
was lower than that for WK Y rats—0.12 mg/kg body weight, 
t(7)=3.9, p<0.01. The straight line calculated from the linear 
regression analysis (for 0.06 to 0.25 mg/kg; the 0.5 mg/kg 
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FIG. 5. Mean 60-min change from baseline (0.15 M NaCl) drinking 
for WKY (black circles and solid line) and SHR (open circles and 
hatched line) rats following SC angiotensin II. Lines were fitted by 
the method of least squares; the 0.5 mg/kg dose was excluded from 
the regression analysis for SHR because it was supramaximal for 
drinking behavior. Data are plotted in semi-log fashion. WKY: 
Y=1.1+0.9 logX; SHR: Y=2.8+2.0 logX. 


dose was a supramaximal dose for drinking in SHR) ac- 
counts for 99% of the total variance in SHR. The slopes of 
the regression lines were not significantly different, 7(3)=1.3, 
p>0.10. 

The differential potency of angiotensin II for eliciting 
drinking in SHR and WKY rats was evident following 
analysis of covariance: the 0.12 mg/kg dose, F(1,11)=10.7, 
p<0.01, and the 0.25 mg/kg dose, F(1,11)=8.8, p<0.025, 
elicited significantly more drinking in SHR than in WKY 
rats. 


DISCUSSION 


Spontaneously hypertensive rats drink differently than do 
WKY rats in response to (1) cellular dehydration produced 
by IP hypertonic saline, (2) SC histamine and (3) SC 
angiotensin II. Differential drinking in response to these 
challenges is more clear for drinking after cell dehydration 
and angiotensin II than it is for drinking after histamine: SHR 
consistently drink more water than do WKY rats in response 
to IP hypertonic saline and SC angiotensin II across a range 
of doses (Figs. 3 and 5) whereas SHR drink more than do 
WKY rats only after the larger doses of SC histamine (Fig. 4). 

Whether this disordered drinking behavior reflects in 
SHR a primary behavioral overresponsiveness to stimuli for 
thirst in adult SHR or a secondary behavioral compensatory 
response to a primary physiological deficit (e.g., renal) re- 
mains unclear. Likewise, the integrity in SHR of the mech- 
anisms for mediating drinking in response to these stimuli for 
thirst (e.g., lateral preoptic osmoreceptors for cellular de- 
hydration [5], subfornical organ angiotensin II receptors 
[32], or gastric vagal afferents for SC histamine [25]) has not 
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been directly assessed. The behavioral findings reported 
here suggest that these issues merit investigation. 


GENERAL DISCUSSION 


Adult spontaneously hypertensive rats drink more water 
per gram of food eaten than do genetically-similar nor- 
motensive WKY rats when they have continuous access to 
pellets and tap water (Experiment 1). This hyperdipsia is 
most evident during the night phase of a 12:12 cycle when 
SHR rats drink more water per gram of food eaten than do 
WKY rats eating a meal after 24-hr food deprivation (Exper- 
iment 2). In light of this nocturnal food-contingent hyperdip- 
sia in SHR, it is intriguing that SHR are relatively hyperdip- 
sic after IP hypertonic saline, SC angiotensin II and large 
doses of SC histamine (Experiment 3) because these factors 
each have been implicated as components for eating-elicited 
drinking in the rat. 

Hyperdipsia in SHR in response to cellular dehydration is 
consistent with the finding of food-contingent hyperdipsia in 
SHR given the evidence for increased osmolality being a 
component for food-related drinking in the rat [1, 7, 26]. 
Likewise, hyperdipsia in response to systemic angiotensin II 
coupled with food-contingent hyperdipsia in SHR is consis- 
tent with the finding that angiotensin II in blood is elevated 
after a meal in the rat [17]. Whether hyperdipsia in response 
to large doses of exogenous histamine in SHR is relevant to 
evidence that endogenous histamine is a component for 
food-related drinking in the rat remains to be determined 
[24]. Further work directly evaluating the contribution of 
these kinds of mechanisms for nocturnal food-contingent 
hyperdipsia in SHR can be done using receptor antagonists 
for histamine (e.g., cimetidine) and angiotensin II (e.g., 
saralasin). 

The role for nocturnal food-related hyperdipsia (and its 
neuroendocrine controls, be they osmotic, histamine or 
angiotensin II) for the development and/or maintenance of 
hypertension in SHR remains to be determined. There is 
precedent for disordered ingestion potentially contributing to 
the development of hypertension in SHR: the well- 
documented increased sodium intake of adult SHR [6, 14, 29, 
31] occurs as early as 5 weeks of age in SHR, whereas hyper- 
tension (measured by the tail-cuff procedure) occurs at 9 
weeks [31]. It is reasonable [30] and indeed popular [19] to 
posit that increased sodium intake is a contributing factor in 
the development of hypertension. It may be no less reason- 
able to posit that increased fluid intake in the face of reten- 
tion of salt in excess—in a representative animal model of 
essential hypertension which, like the human hypertensive, 
exhibits increased peripheral sympathetic nerve tone and in- 
creased vascular reactivity [33} contributes to the devel- 
opment and/or maintenance of hypertension. This hypoth- 
esis is particularly intriguing because drinking is known to 
produce short-term increase in blood pressure in normal rats 
[27] and a significantly larger than normal increase in blood 
pressure in SHR [16]. The results reported here suggest that 
such a hypothesis may be worth evaluating. 
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GORDON, E. F., J. T. BOND, R. C. GORDON AND M. R. DENNY. Zinc deficiency and behavior: A developmental 
perspective. PHYSIOL. BEHAV. 28(5) 893-897, 1982.—Zinc deficiency was induced in 35 and 300 day-old male Holtzman 
rats. Group ZDA was fed ad lib a diet deficient in zinc (1 ppm), ZSP controls were pair-fed a diet supplemented with zinc 
(50 ppm) and ZSA controls were fed ad lib a diet supplemented with zinc (50 ppm). Physical status and six open-field 
behaviors were evaluated. Food intake, body weight and plasma zinc concentrations were significantly reduced in both age 
groups. Expanded use of the open-field revealed significantly lower latencies to explore the novel environment and 
significantly lower ambulation scores in the young and older zinc deficient rats. Older rats spent significantly less time 
grooming than their controls. Rearing was significantly less in young zinc deficient rats and ‘‘kangaroo-like’’ posture was 
evident. Young rats made deficient during critical periods of growth and development, were at greater risk for most 
parameters tested, compared to the older deficient rats. These results do demonstrate, however, that feeding low-zinc diets 


to older, fully developed animals results in significant physical and behavioral impairment. 


Zinc deficiency Developmental differences 


THE importance of zinc for the living organism was recog- 
nized in 1869 when Raulin, a student of Pasteur, found it to 
be necessary for growth of the black mold, Aspergillus niger 
[20]. In 1914 it was reported to be required by higher plant 
life [13]. The essentiality of zinc to biological processes in 
the rat was also demonstrated in 1934 [24] and in 1963 human 
zinc deficiency was documented in adolescent male Iranian 
and Egyptian villagers who were found to be retarded in 
growth and development [18]. 

Disturbances in zinc metabolism are now known to be 
associated with at least six pediatric syndromes and zinc 
levels may be decreased in a variety of disorders occurring 
throughout the lifespan [5,6]. Low zinc levels have been re- 
ported in the elderly and institutionalized aged individuals 
may be at greater risk of developing altered zinc levels [7, 25, 





Young and aging rats 


Expanded open-field Time of insult 


26]. The evidence indicates that zinc status is of concern for 
all age groups. 

The importance of zinc to behavior has been demon- 
strated. Several investigators have made brief reference to 
marked lethargy, slowing of behavior, apathy, depression 
and decreased sexual activity in both males and females as 
part of the overall scenario of zinc deficiency [14, 19, 21, 24]. 
Significant behavioral changes including learning and mem- 
ory deficits [3, 8, 12, 15, 17, 22] and aggression [9, 10, 11, 16] 
have been reported in zinc deficient rats and monkeys. 
These studies have typically been concerned with zinc defi- 
ciency during the perinatal period when the most rapid 
growth and development occurs [27]. Additional studies 
using older animals are necessary to determine the conse- 
quences of low zinc intake in later life. The major objective 
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of the present experiments was to induce zinc deficiency, 
using a rat model, at two distinctly different times during the 
lifespan and to evaluate selected behavioral and physical 
outcomes in relation to time of insult. An aging group was in- 
cluded since previous studies have not reported results of 
late-onset zinc deficiency in laboratory animals. It was of 
interest to determine if feeding low zinc diets would result in 
symptoms that characterize the deficiency in young animals 
(e.g., behavioral deficits, anorexia, weight loss, and 
alopecia) and reduced plasma zinc levels. The Holtzman 
strain of rats was selected because it is relatively short-lived 
and has manifest aging characteristics by 12 months. 


EXPERIMENT | 


METHOD 
Animals and Diets 


Male, 28 day-old Holtzman rats were maintained on a 
standard laboratory diet for 7 days prior to being randomly 
assigned to | of 3 groups as follows: Group ZDA rats were 
fed, ad lib, a diet deficient in zinc (1 ppm); Group ZSP (con- 
trol) rats were pair-fed a diet supplemented with zinc (50 
ppm) so that the daily intake for each animal was equal to the 
mean number of grams consumed by ZDA rats in the previ- 
ous 24 hours; Group ZSA (control) rats were fed, ad lib, a 
diet supplemented with zinc (50 ppm). There were 10 animals 
in each group. Diets were commercially prepared by Teklad 
Test Diets, Madison, WI and were isocaloric. The environ- 
ment was made as metal free as possible to control for con- 
tamination. All rats were housed individually in stainless 
steel cages held on stainless steel racks. Deionized water 
contained in glass bottles with vinyl tops and stainless steel 


spouts was available ad lib. The diets were contained in glass 
food cups. All water bottles and food cups were soaked in 4 
N HCI for 24 hours and rinsec in deionized water prior to 
use. The laboratory was kept on a 12 hour photoperiod daily. 
Body weight was recorded weekly and food intake daily for 
each animal. A daily record of changes in physical appear- 
ance was kept by the same experimenter. 


Apparatus 


Testing equipment included a circular open-field 2 M in 
diameter enclosed by a 40 cm high steel wall. The floor had 
concentric circles equidistant apart and a center circle 38 cm 
in diameter. The 46 sectors were formed by placing lines 
between the concentric circles so that each sector had ap- 
proximately the same area. Incandescent lighting from a 40 
watt light bult was used during testing. 


Procedure 


The duration of the feeding procedure, prior to testing, 
was determined by the apparent physical condition of the 
ZDA group. The ZDA rats, following 49 days on the low zinc 
diet, displayed the previously described signs and symptoms 
of zinc deficiency and testing was begun. 

Plasma zinc determination. All animals had been under 
the dietary conditions for 49 days and were 84 days old when 
plasma zinc concentrations were determined. Each rat was 
etherized and a 2 ml blood sample obtained using orbital 
sinus bleeding. The plasma zinc concentration was deter- 
mined using atomic absorption spectrophotometry. This 
procedure was carried out double blind. 

Open-field testing. Animals were 87 days old when 
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tested. A single trial was administered to assess initial reac- 
tivity for 6 specific behaviors. Each rat was placed in the 
center circle of the field and observed for 5 minutes. The 6 
responses measured and recorded were as follows: (1) La- 
tency to leave the center circle (seconds), (2) Grooming 
(seconds), (3) Freezing (seconds), (4) Number of sectors 
entered—all 4 paws were required to enter the sector before 
a response was counted, (5) Number of rearings, and (6) 
Defecation (number of boli). 


Statistical Analyses 


Repeated measures and trend analysis procedures were 
performed on the food intake and body weight data. One- 
way ANOVA was used to analyze the plasma zinc concen- 
tration data, and multivariate ANOVA followed by uni- 
variate F tests and f-tests were used on the open-field data. 
Means and standard deviations were determined on all data. 
A minimum level of significance of 0.05 was specified prior 
to the start of the experiment. 


RESULTS 


Food Intake 


The overall F was significant for food intake, 
F(1,18)=88.00, p<0.001. The ZDA group and ZSP pair-fed 
control group had significantly lower food intake than the 
ZSA control group by Day 8 of feeding and continuing 
throughout Experiment 1. Ranges of mean and SD values in 
grams from the beginning of Experiment | to Day 49 were 
12.9+2.8 to 8.9+0.88 for the ZDA and ZSP groups and 
14.1+2.2 to 22.4+1.8 for the ZSA group. The amount of 
variance accounted for by the treatment was 88 percent. 


Body Weight 

The overall F was significant for body weight, F(4,52) 
= 138.95, p<0.001. The ZDA, ZSP and ZSA groups 
were significantly different from each other by Day 16. The 
ZDA group weighed significantly less than the ZSP group, 
t(18)=20.99, p<0.001 and ZSA group, (18)=89.37, p<0.001. 
The ZSP group weighed significantly less than the ZSA 
group, /(18)=68.38, p<0.001. Ranges of mean and SD values 
in grams from the beginning of Experiment | to Day 49 were 
111.2+7.7 to 131.5+15.8 for the ZDA group, 117.4+11.9 to 
194+9.3 for the ZSP group and 104.6+5.4 to 393.8+17.1 for 
the ZSA group (Fig. 1). The amount of variance accounted 
for by the treatment was 90 percent. 


Plasma Zinc Concentrations 


The ZDA group had significantly lower plasma zinc con- 
centrations than the ZSP and ZSA control groups, 
F(2,24)=68.48, p<0.001. The ZSP and ZSA groups were not 
different from each other. Mean and SD values reported in 
pg/ml, for the ZDA, ZSP and ZSA groups were 0.57+0.35, 
1.71+0.28 and 1.69+0.26 respectively. The amount of vari- 
ance accounted for by the treatment was 80 percent. 


Open Field Behavior 

A multivariate test of significance was performed on the 
field data. The overall F was signficant F(10,42)=6.00, 
p<0.001. The amount of variance accounted for by the 
treatment was 84 percent. Univariate F tests revealed the 
following: 
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FIG. 1. Body weight (g) of rats fed a zinc-deficient (1 ppm) or zinc- 
supplemented (50 ppm) diet for 52 days beginning at 35 days of age. 


(1) Significant differences for latency to leave the center 
circle, F(2,24)=14.76, p<0.001. The ZDA groups spent sig- 
nificantly more time in the circle than the ZSP group, 
t(16)=6.82, p<0.001 or ZSA group 1t(16)=7.20, p<0.001. 
Differences between the ZSP and ZSA groups were not sig- 
nificant. Mean and SD values for the ZDA, ZSP and ZSA 
groups were 11.8+5.9, 3.7+2.2 and 3.4+1.7 seconds, re- 
spectively. 

(2) Non-significant differences for grooming. Mean and 
SD values for the ZDA, ZSP and ZSA groups were 4.9+4.1, 
4.6+2.1 and 5.0+3.8 seconds, respectively. 

(3) Non-significant differences for freezing. No freezing 
behavior occurred during testing. 

(4) Significant differences for number of sectors entered, 
F(2,24)=20.07, p<0.001. The ZDA group entered signifi- 
cantly fewer sectors than the ZSP, 1(16)=31.83, p<0.001 or 
ZSA, 1t(16)=19.64, p<0.001, controls. The ZSP group 
entered significantly more sectors than the ZSA group, 
t(18)=12.19, p<0.001. Mean and SD values for the ZDA, 
ZSP and ZSA groups were 85.5+14.7, 185.0+39.3 and 
146.9+35.8, respectively. 

(5) Significant differences for number of rearings, 
F(2,24)=11.01, p<0.001. The ZDA group reared signifi- 
cantly fewer times than the ZSP #(16)=10.51, p<0.001 or 
ZSA, ¢(16)=5.10, p<0.01, controls. The ZSP group reared 
significantly more times than the ZSA group, ¢(18)=7.41, 
p<0.001. Means and SD values for the ZDA, ZSP and ZSA 
groups were 6.6+3.8, 21.8+ 10.4 and 11.1+4.5, respectively. 

(6) Non-signficant differences for number of boli. Means 
and SD values for the ZDA, ZSP and ZSA groups were 
1.0+1.6, 0.0+0.0 and 0.4+0.69, respectively. 


Physical Changes 
Apparent physical changes for the ZDA group, in addition 


to weight loss, included conjunctivitis, alopecia, inflamed 
paws, urethritis and skin lesions. These changes were appar- 
ent in all ZDA animals by Day 49 of treatment. Three ZDA 
rats died prior to testing and had more severe signs and 
symptoms of zinc deficiency. The ZSP pair-fed control rats, 
although markedly smaller in body size than the ZSA rats, 
failed to show signs and symptoms evident in the ZDA 


group. 
EXPERIMENT 2 


METHOD 
Animals and Diets 


This section differs from Experiment 1 as follows: male 
300 day-old Holtzman rats were maintained in our laboratory 
for the preceding 150 days for the purpose of aging. During 
that time the rats were maintained on Purina Laboratory 
Chow and tap water ad lib. All rats were in apparent good 
health prior to the start of Experiment 2 (e.g., food intake 
and body weight were normal and there were no signs of 
upper respiratory distress). 


Procedure 


The same criterion for determination of duration of the 
feeding procedure used in Exeriment | was used in Experi- 
ment 2. The ZDA rats, following 105 days on the low zinc 
diet, displayed signs and symptoms of zinc deficiency and 
testing was begun. 

Plasma zinc concentrations. All animals had been under 
the dietary conditions for 105 days and were 405 days old 
when plasma zinc concentrations were determined. 

Open-field testing. Animals were 408 days old when 
tested. 


RESULTS 


Food Intake 


The overall F was significant for food intake F(1,18) 
=8.78, p<0.001. The ZDA group and ZSP pair-fed control 
group had significantly lower food intake than the ZSA con- 
trol group by Day 14 of feeding and continuing throughout 
Experiment 2. Ranges of mean and SD values in 
grams from the beginning of Experiment 2 to Day 105 were 
27.6+1.8 to 19.2+2.3 for the ZDA and ZSP groups and 
27.2+1.8 to 27.9+1.7 for the ZSA group. The amount of 
variance accounted for by the treatment was 90 percent. 


Body Weight 


The overall F was significant for body weight, 
F(4,52)=8.89, p<0.001. The ZDA, ZSP and ZSA groups 
were significantly different from each other by Day 49. The 
ZDA group weighed significantly less than the ZSP group 
1(18)=4.35, p<0.002 and ZSA group, 1(18)=5.21, p<0.001. 
The ZSP group weighed significantly less than the ZSA 
group, f(18)=2.94, p<0.01. Ranges of mean and SD values in 
grams from the beginning of Experiment 2 to Day 105 were 
5$76.9+20.7 to 493.6+39.4 for the ZDA group, 571.8+28.3 to 
549.5+42.5 for the ZSP group and 577.5+19.1 to 605.3+26. 1 
for the ZSA group (Fig. 2). The amount of variance ac- 
counted for by the treatment was 65 percent. 


Plasma Zinc Concentrations 


The ZDA group had significantly lower plasma zinc con- 
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FIG. 2. Body weight (g) of rats fed a zinc-deficient (1 ppm) or zinc- 
supplemented (50 ppm) diet for 105 days beginning at 300 days of 
age 


centrations than the ZSP and ZSA control groups, 
F(2,21)=67.55, p<0.001. The ZSP and ZSA groups were not 
different from each other. Mean and SD values, reported in 
ug/ml, for the ZDA, ZSP and ZSA groups were 0.50+0.18, 
1.39+0.14 and 1.33+1.6 respectively. The amount of vari- 
ance accounted for by the treatment was 80 percent. 


Open Field Behavior 


A multivariate test of significance was performed on the 
field data. The overall F was significant F(14,30)=6.56, 
p<0.001. The amount of variance accounted for by the 
treatment was 94 percent. Univariate F tests revealed the 
following: 

(1) Significant differences for latency to leave the center 
circle, F(2,21)=18.56, p<0.001. The ZDA group spent signif- 


icantly more time in the circle than the ZSP group, 
t(14)=9.42, p<0.001 or ZSA group 1(14)=11.63, p<0.001. 
Differences between the ZSP and ZSA groups were not sig- 
nificant. Mean and SD values for the ZDA, ZSP and ZSA 
groups were 12.4+5.6, 3.1+2.2 and 2.5+2.0 seconds respec- 
tively. 

(2) Significant differences for number of seconds spent 
grooming, F(2,21)=6.04, p<0.001. The ZDA group spent 
significantly less time grooming than the ZSP group, 
1(14)=3.29, p<0.01, or ZSA group, 1(15)=6.01, p<0.001. 
The ZSP group spent significantly less time grooming than 
the ZSA group, ¢(14)=2.72, p<0.02. Mean and SD values in 
seconds for the ZDA, ZSP and ZSA groups were 0.9+1.8, 
6.6+5.3 and 11.4+8.8 respectively. 

(3) Non-significant differences for freezing. No freezing 
behavior occurred during testing. 

(4) Significant differences for number of sectors entered, 
F(2,21)=3.12, p<0.005. The ZDA group entered signifi- 
cantly fewer sectors than the ZSP, 1(14)=4.33, p<0.002 or ZSA 
1(14)=2.15 p<0.05, controls. Differences between the ZSP 
and ZSA groups were not significant. Mean and SD values 
for the ZDA, ZSP and ZSA groups were 121.5+58.0, 
169.6+24.1 and 145.8+41.9 respectively. 
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(5) Non-significant differences for number of rearings. 
Mean and SD values for the ZDA, ZSP and ZSA groups were 
13.3+7.6, 15.4+6.2, and 16.8+4.5 respectively. 

(6) Non-significant differences for number of boli. Mean 
and SD values for the ZDA, ZSP and ZSA groups were 
0.9+2.1, 0.4+0.7 and 0.4+0.7 respectively. 


Physical Changes 


Apparent physical changes for the ZDA group, in addition 
to weight loss, included alopecia and skin lesions following 
10 to 15 weeks of feeding. No conjunctivitis, inflamed paws 
or urethritis was noted in the older zinc-deficient animais. 
The ZSP pair-fed control rats were smaller in body size than 
the ZSA group, but displayed none of the other signs and 
symptoms evident in the ZDA animals. The older ZSA con- 
trol rats remained in apparent good health throughout Exper- 
iment 2. Food intake and body weight remained stable. 


GENERAL DISCUSSION 


The results of Experiment | and 2 clearly indicate that 
induced zinc deficiency has adverse physical and behavioral 
effects whether it occurs in early or later life. Behavioral 
data from 400 day-old deficient rats have not been previously 
published. Reduced plasma zinc concentrations, alone, may 
not indicate zinc deficiency. However, signs and symptoms 
in both age groups (anorexia, weight loss, alopecia and skin 
lesions) were similar to those that characterize the deficiency 
in younger animals [3,23]. Changes were attributed primarily 
to reduced zinc intake as indicated by the high percentage of 
variance accounted for by the experimental treatment. 

The young rats in Experiment | were made zinc deficient 
during what is normally a period of rapid growth and devel- 
opment [27]. This resulted in growth failure. The older rats 
were, however, fully grown prior to the start of Experiment 
2, but were unable to maintain body weight under the zinc 
deficient condition. Body weight differences among groups 
were similar in Experiments | and 2 in that the ZDA rats 
weighed significantly less than the ZSP and ZSA control 
groups, and the ZSP group weighed significantly less than 
the ZSA group. The caloric intake of the ZSP group was 
equal to that of the ZDA group and therefore the lower body 
weight of the ZDA group compared to the ZSP group re- 
sulted from reduced zinc intake. 

Previous investigators have used the open-field to meas- 
ure ‘‘emotionality’’ in zinc deprived rats (e.g., the fewer 
squares entered, the greater the emotionality) [2]. Several 
types of evidence have failed to support the validity of this 
interpretation [1]. An alternative use of the field is to meas- 
ure a Variety of field behaviors and interpret without making 
the assumption that they represent a major unitary motiva- 
tional construct (i.e., emotionality). The present experi- 
ments used the field in this way. A single trial was adminis- 
tered to assess initial reactivity for several specific behaviors 
typically observed in rats. Similarities and differences in 
field responses between the young and aging deficient rats 
were found. There was an initial hesitation of the 80 and 400 
day-old zinc deficient rats to explore the novel environment. 
This reaction resulted in longer latencies in the center circle 
compared to the control groups. All of the zinc-supple- 
mented control animals readily left the circle and moved 
about the field. Both age groups of the zinc-deficient rats 
entered fewer sectors than the control animals. The physical 
disabilities present in these groups and particularly marked 
in the younger animals could have influenced the ambulation 
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scores so that a purely psychological explanation (i.e., emo- 
tionality) would be difficult to support in the present experi- 
ments. Similarities in latency and ambulation scores were 
observed between the young and aging control groups. Spe- 
cifically, latencies were approximately equal for all ZSP and 
ZSA controls as were ambulation scores for all ZSA con- 
trols. 

Grooming and rearing were different between the young 
and aging ZDA rats. Differences in grooming time were not 
significant for the young ZDA animals and their controls, 
whereas the aging ZDA animals spent significantly less time 
grooming than their controls. The younger deficient rats’ 
grooming, however, was characterized by licking the front 
paws which were inflamed in this age group only. The young 
and aging control animals engaged in a variety of grooming 
behaviors typically observed in healthy rats. Differences in 
number of rearings were significant for the young deficient 
rats only. They reared fewer times than their controls and 
displayed ‘‘kangaroo-like’’ posture as previously described 
[5,23]. 

The open-field test as it was used in the present experi- 
ments allowed for the assessment of developmental differ- 
ences for two of the responses that were evaluated (e.g., 
grooming and rearing). This demonstrates the appropriate- 


ness of the expanded use of the field in developmental zinc- 
deficiency studies. 

Open field data from the present experiments support the 
authors’ contention that the ‘‘emotionality’’ interpretation 
may not be valid. Specifically, not all of the criteria typically 
used to describe emotionality are met (i.e., increased defe- 
cation and freezing) [1]. 

A major objective of these experiments was to assess the 
impact of feeding low zinc diets to older rats and compare 
the results to those from young developing animals. 
Significant problems were demonstrated for each age. The 
deficiency was produced faster and was more severe in 
younger animals as indicated by the deaths of three young 
deficient animals prior to testing. They were the most se- 
verely affected of that group and therefore the cause of death 
was attributed to zinc deficiency. No aging ZDA rats died 
during Exeriment 2 even though the duration of treatment 
was longer. 

Deficient zinc levels have been reported in adults and 
have been associated with various disease states, drug 
therapy and/or reduced zinc intake [7, 25, 26]. The need for 
models using older animals is evident and including young 
animals in these studies allows for comparison of age- 
specific characteristics of the deficiency. 


REFERENCES 


. Archer, J. Tests for emotionality in rats and mice: a review. 
Anim. Behav. 21: 205-235, 1973. 

. Caldwell, D. F., D. Oberleas, J. J. Clancy and A. S. Prasad. 
Behavioral impairment in adult rats following acute zinc defi- 
ciency. Proc. Soc. exp. Biol. Med. 133: 1417-1421, 1970. 

. Caldwell, D. F., D. Oberleas and A. S. Prasad. Psychobiologi- 
cal changes in zinc deficiency. In: Trace Elements in Human 
Health and Disease, edited by A. S. Prasad and D. Oberleas. 
New York: Academic Press, 1976, p. 311. 

. Cordas, S. and C. Holland. Zinc: clinical considerations. Os- 
teop. Med. 2: 44-48, 1977. 

. Day, H. G. and E. V. McCollum. Effects of acute dietary zinc 
deficiency in the rat. Proc. Soc. exp. Biol. Med. 45: 282-284, 
1940. 

. Gordon, E. F., R. C. Gordon and D. B. Passal. Zinc metabo- 
lism: basic, clinical and behavioral aspects. J. Pediat. 99: 341- 
349, 1981. 

. Greger, J. L. Dietary intake and nutritional status in regard to 
zinc of institutionalized aged. J. Geront. 32: 549-553, 1977. 

. Halas, E. S. and H. H. Sandstead. Some effects of prenatal zinc 
deficiency on behavior of the adult rat. Pediat. Res. 9: 94-97, 
1975. 

. Halas, E. S., M. J. Hanlon and H. H. Sandstead. Intrauterine 
nutrition and aggression. Nature 257: 221-222, 1975. 

. Halas, E. S., G. Reynolds, M. Rowe, M. Heinrich and M. Pirc. 
Comparison of frequency, intensity and duration of aggressive 
responses in rats. Physiol. Behav. 18: 975-977, 1977. 

. Halas, E. S.,G. M. Reynolds and H. H. Sandstead. Intrauterine 
nutrition and its effects on aggression. Physiol. Behav. 19: 653- 
661, 1977. 

. Halas, E. S., M. D. Heinrich and H. H. Sandstead. Long term 
memory deficits in adult rats due to postnatal malnutrition. 
Physiol. Behav. 22: 991-997, 1979. 

. Maze, P. Influence respectives des elements de la solution 
minerale sur le development du mais. Ann. Inst. Pasteur 28: 
21-68, 1914. 

. Miller, W. J. and P. E. State. Zinc metabolism and 
homeostasis—some new concepts. In: Clinical Applications of 
Zinc Metabolism, edited by W. J. Pories. Springfield, IL: C. C. 
Thomas, 1974, p. 130. 


15. Oberleas, D., D. F. Caldwell and A. S. Prasad. Trace elements 
and behavior. In: Neurobiology of the Trace Metals Zinc and 
Copper. International Review of Neurobiology. New York: 
Academic Press, 1966, p. 83. 

. Peters, D. P. Effects of prenatal nutritional deficiency on affili- 
ation and aggression in rats. Physiol. Behav. 20: 359-362, 1978. 

. Peters, D. P. Effects of prenatal nutrition on learning and moti- 
vation in rats. Physiol. Behav. 22: 1067-1071, 1979. 

. Prasad, A. S., A. Miale, Z. Farid, H. H. Sandstead and A. R. 
Schulert. Zinc metabolism in patients with the syndrome of iron 
deficiency anemia, hepatosplenomegaly, dwarfism and 
hypogonadism. J. Lab. clin. Med. 61: 537-549, 1963. 

. Prasad, A. S. Role of zinc in humans. In: Ultratrace Metal 
Analysis in Biological Sciences and Environment, edited by T 
H. Risby. Washington, DC: American Chemical Society, 1979, 
p. 198. 

. Raulin, J. Etudes cliniques sur la vegetation. Annis Sci. Nat. 11: 
93-99, 1869. 

. Ronaghy, H. A., P. G. Moe and J. A. Halsted. A six year 
follow-up of Iranian patients with dwarfism, hypogonadism and 
iron-deficiency anemia. Am. J. clin. Nutr. 21: 709-714, 1968. 

. Sandstead, H. H., G. J. Fosmire, E. S. Halas, R. A. Jacob, D 
A. Strobel and E. O. Marks. Zinc deficiency: effects on brain 
and behavior of rats and rhesus monkeys. Teratology 16: 229- 
234, 1977. 

. Swenerton, H. and L. S. Hurley. Severe zinc deficiency in male 
and female rats. J. Nutr. 95: 8-18, 1968. 

. Todd, W. R., C. A. Elvehjem and C. B. Hart. Zinc in the nutri 
tion of the rat. Am. J. Physiol. 107: 146-156, 1934. 

. Vir, S. C. and A. H. G. Love. Zinc and copper status of the 
elderly. Am. J. clin. Nutr. 32: 1472-1476, 1979. 

. Weismann, K., B. Wanscher and R. Krakauer. Oral zinc 
therapy in geriatric patients with selected skin manifestations 
and low plasma zinc levels. Acta derm.-vener., Stockh. 58: 
157-161, 1978. 

. Winick, M. and A. Noble. Quantitative changes in DNA, RNA 
and protein during prenatal and postnatal growth in the rat. De) 
Biol. 12: 451-466, 1965. 








Physiology & Behavior, Vol. 28, pp. 899-903. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A. 


Effects of Wheel Running on Food Intake 
and Weight Gain of Male and Female Rats 


KUMPEI TOKUYAMA,* MASAYUKI SAITO? AND HIROMICHI OKUDA* 


*Second Department of Medical Biochemistry 
and *+First Department of Medical Biochemistry, School of Medicine, Ehime University 
Shigenobu, Onsen-gun, Ehime 791-02, Japan 


Received 28 September 1981 


TOKUYAMA, K., M. SAITO AND H. OKUDA. Effects of wheel running on food intake and weight gain of male and 
female rats. PHYSIOL. BEHAV. 28(5) 899-903, 1982.—Adult male and female rats were housed in a sedentary condition 
or given free access to a running wheel for 50 days. Running wheel activity of female rats was higher than that of males 
throughout the experiment. Food intake, of both male and female rats that could take exercise increased, and the rate of 
increase of females was greater than that of males. In both males and females there was a positive correlation between food 
intake and running wheel activity. These findings suggest that the sex difference in the rate of increase in food intake 
elicited by wheel running is at least partly explained by the sex difference in running wheel activity. Although food intake 
increased as a function of running wheel activity, the weight gains of both sexes were slower than those of sedentary rats 

In both sexes this slower weight gain was mainly due to less accumulation of fat. 


Exercise Food intake Body composition 


PHYSICAL training results in decrease in body weight in 
rats [4, 5, 7, 11, 13, 17, 19] and humans [2, 3, 12, 14, 18]. The 
effect of exercise in reducing weight gain has been studied by 
many groups by investigating the effect of exercise on food 
intake, because change in food intake plays an important role 
in regulation of body weight. Although there are slight dis- 
crepancies between reported results, several groups have 
suggested sex differences in the effect of spontaneous exer- 
cise on food intake in rats. When rats had free access to a 
running wheel, females ate significantly more than their 
sedentary controls whereas males did not [10,15]. Since 
females took consistently more exercise than males in these 
experiments, the absence of hyperphagia in males could be 
due to their low activity. 

In the present study we tested this possibility by examin- 
ing the relation between activity on a running wheel and food 
intake of male and female rats. We also examined the effect 
of wheel running on the body composition. 


METHOD 

Animals 

Wistar King rats were purchased from Kitayama Labes 
Co., Kyoto. Littermates were obtained in the animal labora- 
tory of our school and maintained in an air conditioned room 
at 24+0.5°C (relative humidity, 60+ 15%). The room was il- 
luminated for 12 hr from 10 a.m. each day. Water and com- 
mercial powdered chow (M. Oriental Yeast Co., Tokyo) 
were available at all times. 


Procedure 


In Experiment 1, 10 male and 10 female rats were used. 


Sex differences 


Rats of 40 days old (10 days before the beginning of the 
experiment) in each litter were weight matched and sepa- 
rated into sedentary and exercising groups. All rats were 
kept in individual wire bottomed cages (15x25 x15 cm) with 
a locked running wheel (circumference | m, KC-8000, 
Tokushima Medical Instrument Mfg. Co., Tokushima). The 
running wheel of the exercising group was unlocked when 
the rats were 50 days old (the day of the beginning of the 
experiment), and the rats were allowed free access to it for 
50 days. The running wheel of the sedentary group was kept 
locked throughout the experiment. Running wheel activity 
was recorded with a microswitch and an electromagnetic 
counter as revolutions per day (RPD). The powdered chow 
was placed in circular glass containers with tightly fitting cov- 
ers that had a 4.5 cm diameter opening. A perforated steel disk 
was placed in the containers on top of the food to prevent the 
animals from scattering the food. The food container was 
weighed every day and the amount of food consumed was 
calculated from its change in weight. The amount of spilt 
food was neglected, because it amounted to less than 2% of 
the total intake. Body weight was measured every fifth day. 

When the rats were 100 days old (50 days after the begin- 
ning of the experiment), they were anesthetized with ether 
and exsanguinated from the jugular vein. Then the liver, 
heart, kidneys, perigonadal, retroperitoneal and perirenal 
adipose tissues, and soleus and gastrocnemius muscles were 
removed and, weighed, and put back into the carcass. Be- 
cause it was difficult to separate retroperitoneal and peri- 
renal adipose tissues, their combined weight was measured. 
The whole body was kept frozen at —20°C until the body 
composition was analyzed. 

The procedures were the same in Experiments 2 and 3 
unless otherwise stated. In Experiments 2 and 3, rats in the 
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FIG. 1. Changes in mean values of running wheel activity, food intake and body weight. 
Rats in the exercising group were allowed to run when they were 50 days old (day 0 of the 
experiment). Numbers of animals per group are given in parentheses. Asterisks indicate 
significant differences from values for the sedentary group (p<0.05). 


sedentary group were kept in individual simple wire meshed 
cages (38x25 17 cm) while the rats in the exercising group 
were kept in individual wire bottomed cages with running 
wheels as in Experiment 1. In Experiment 2, 8 male and 8 
female rats were used. Revolution of the running wheel was 
measured for 10 days from day 30 to 40 of the experiment. In 
Experiment 3, 14 male and 14 female rats were used. Revo- 
lution of the running wheel and food intake were measured 
for 10 days from day 30 to 40 of the experiment. The body 
weight, tissue weight, and body composition were not meas- 
ured. 


Analysis of Body Composition 


The whole body was blended with water (50 ml/100 g) ina 
Waring blender. A portion of the homogenate (100 g) was 
freeze-dried and the water content was calculated from its 
change in weight. The dried homogenate was extracted with 
300 ml of chloroform-methanol (2:1, v/v) in a Waring blender 
and filtered. The residue was reextracted twice with 300 ml 
of chloroform-methanol. These filtrates were combined and 
evaporated, and the fat content was calculated from the 


weight of the dry residue. The weight of non-fat solid was 
calculated by subtracting the weight of body water and body 
fat from the body weight. 


Statistical Analysis 


Data are shown as means+S.E.M. The significance of 
difference between sedentary and exercising groups were 
determined by the f-test for paired littermates weight 
matched 10 days before the beginning of the experiment. 
Analysis of covariance was used to compare regression lines 
for male and females. 


RESULTS 


As described in the Method section we used two condi- 
tions for sedentary groups. In Experiment 1 rats of the 
sedentary group were kept in wire bottomed cages with a 
locked running wheel while in Experiments 2 and 3 rats of 
the sedentary groups were kept in simple wire meshed cages. 
There was no significant difference in the food intakes or 
weight gains of the sedentary groups of Experiments 1-3 (see 
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FIG. 2. Relation between running wheel activity and food intake of 
exercising rats. Food intake is shown as a percentage of that of 
sedentary littermates, weight matched on 10 days before the begin- 
ning of the experiment. O; Female rats in Experiment 1. 0; Female 
rats in Experiment 2 or 3. 0); Male rats in Experiment 1. N; Male 
rats in Experiment 2 or 3. 


also Fig. 2). Therefore, data obtained in these experiments 
were combined. 


Running Wheel activity, Food Intake, Body Weight 


Figure | shows changes in the mean values for activity on 
the running wheel (revolutions of the running wheel), food 
intake and body weight during the experiment. 

Female rats. Running wheel activity increased rapidly in 
the first 10 days to a plateau (about 11,000 RPD). Food in- 
take of the sedentary group was essentially constant 
throughout the experiment; that of the exercising group was 
lower than that of the sedentary group for the first 5 days, 
but then became higher than the latter attaining a plateau 
within 15 days. The exercising group gained significantly less 
weight than the sedentary group. 

Male rats. Running wheel activity increased in the first 10 
days to a plateau (about 4,000 RPD). Throughout the experi- 
ment, male rats used the running wheel consistently less than 
females. Food intake of the sedentary group was essentially 
constant throughout the experiment; that of the exercising 
group was lower than that of the sedentary group in the first 
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10 days, but then became higher than the latter reaching a 
plateau within 20 days. The exercising group gained signifi- 
cantly less weight than the sedentary group. 


Relationship Between Running Wheel Activity and 
Food Intake 


A positive correlation between activity on the running 
wheel and food intake was observed in both males and 
females in the 10 day period from 30 to 40 after the beginning 
of wheel running (Fig. 2). 


Tissue Weight 


In both males and females, the weight of adipose tissue 
was significantly lower in exercising groups than in seden- 
tary groups. The weight of the soleus was higher in exercis- 
ing males and females than in sedentary animals. The weight 
of the heart of exercising females was also more than that of 
sedentary females (Table 1). 


Body Composition 


The body fat contents of exercising rats of both sexes 
were significantly lower than those of sedentary animals, but 
no significant difference was observed in the body water and 
non-fat solid contents of sedentary and exercising groups 
(Table 2). 

DISCUSSION 

In this work, we observed changes in the mean values of 
running wheel activity, food intake and body weight of male 
and female rats as a function of time after the beginning of 
wheel running. Running wheel activity of females was sev- 
eral times higher than that of males throughout the experi- 
ment, as already reported [10,15]. 

Food intake of both males and females in the exercising 
group increased after a transient decrease. The finding that 
food intake and running wheel activity attained plateaus 
within 20 days after the beginning of wheel running suggests 
that both males and females adapt to wheel running within 20 
days. Although food intake of both males and females in- 
creased after adaptation to wheel running, the rate of in- 
crease was higher in females. One possible explanation of 
this sex difference is that the difference in the rates of in- 
crease in food intake elicited by wheel running merely re- 
flects the sex difference in running wheel activity. If this is 


TABLE | 
TISSUE WEIGHT 





Female 


Sedentary 


Exercising 


Male 


Sedentary Exercising 





Adipose tissue (g) 
Perigonadal 6.1 
Perirenal + 7.8 
Retroperitoneal 
Liver (g) 9.9 
Heart (g) 0.86 + 
Soleus (g) 0.25 
Gastrocnemius (g) 3.9 


6.5 + 0.6 4.6 + 0.5* 
m2 + 1.3 a2 tie 


17.1 + 0.8 16.1 + 0.8 
1.30 + 0.04 1.32 + 0.03 
0.38 + 0.1 0.41 + 0.01* 
6.0 + 0.2 38 £02 





Groups of 9 rats were used. 


Asterisks indicate significant differences from values for the sedentary group (p<0.05). 





TABLE 2 
BODY COMPOSITION 





Male 


Exercising 


Female 


Sedentary [Exercising Sedentary 





12* 


Body 285 + as + 3* ‘+B «462% 


Weight (g) 
Fat (g) 47 eg ~ er 49 6* 
170 + 5 165 + 4 8 5 


Water (g) 
67 + 1 ; 3 


Non-fat 68 + 
Solid (g) 





Body weights measured after exsanguination from the jugular 
vein. Body weights of female sedentary, female exercising, male 
sedentary and male exercising rats measured before exsanguination 
were 292 + 8, 271 + 5, 482 + 13 and 438 + 12 g, respectively. 
Groups of 9 animals were used. 

Asterisks indicate significant differences from values for the 


sedentary group (p<0.05). 


the case, there should be a positive correlation between 
running wheel activity and rate of increase in food intake in 
males and females, and in fact we found good correlations in 
both sexes. There was no significant difference in the slopes 
of regression lines for males and females. These findings 
suggest that the sex difference in running wheel activity con- 
tributes at least in part to the sex difference in the rate of 
increase in food intake elicited by wheel running. 

Rolls and Rowe [15] also found a sex difference in the 
effect of wheel running on food intake. In their experiment 
food intake of males in the exercising group decreased while 
that of females increased 10 weeks after the beginning of 
wheel running. But recently, Mondon er a/. [8] reported that 
food intake of males in their exercising group increased 7 
weeks after the beginning of wheel running. Mondon et al. 
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[8] selected rats that ran more than 2 miles/day on days 11 
after the beginning of wheel running and measured their food 
intake. Thus the discrepancy between the results of Rolls 
and Rowe [15] and Mondon et a/. [8] can be partly explained 
by the difference in the running wheel activities of the rats in 
their experiments. The decrease in food intake of males in 
the exercising group of Rolls and Rowe could not be ex- 
plained by our regression line for running wheel activity and 
food intake. 

In our experiment, wheel running was started after a pre- 
liminary 10-day period. During this period, we confirmed 
that there was no significant difference in the food intakes or 
body weights of sedentary and exercising groups. Rolls and 
Rowe began their experiment by transferring rats of the 
exercising group to cages with a running wheel. Therefore, in 
their experiment the rats in the exercising group may have 
been affected not only by wheel running itself but also by 
transfer to the new cage. We did not detect any effect of 
transfer to a new cage on food intake or body weight gain, 
but Routtenberg er a/. [16] reported that food intake de- 
creased significantly when rats were transferred to cages 
with a locked running wheel. 

Although food intake increased as a function of the 
amount of wheel running, the increase in food intake was not 
sufficient to compensate for the increase in energy expendi- 
ture elicited by wheel running. Thus both males and females 
in the exercising group gained weight slower than sedentary 
rats. These findings suggest that wheel running not only in- 
creased energy expenditure but also decreased the set-point 
of energy balance that regulates the amount of food intake [1, 
6, 9, 20). 

In both males and females the body fat contents of exer- 
cising rats were significantly lower than those of sedentary 
rats, but there was no significant difference in the body water 
or non-fat solid contents of the two groups. Consistent with 
this finding, the adipose tissue weights of exercising rats 
were significantly lower than those of sedentary rats. 
Further study is necessary to elucidate the effect of wheel 
running on lipid metabolism. 
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BARTOSHUK, L. M., K. RENNERT, J. RODIN AND J. C. STEVENS. Effects of temperature on the perceived 
sweetness of sucrose. PHYSIOL. BEHAV. 28(5)905—910, 1982.—The sweetness of sucrose depends on the temperature as 
well as the concentration of a solution. The main effect is that relatively low concentrations gain sweetness as temperature 
increases. This effect diminishes with progressively higher concentration and finally becomes negligible at about 0.5 M. At 
this concentration the various functions that relate perceived sweetness to concentration for various temperatures converge 
The mechanism of the taste-temperature interaction is speculative, but the interaction is large enough to be of practical 
interest in the perception of common foods and beverages as well as a variable to be strictly controlled in taste experiments 
An examination of method of tasting showed that swallowing stimuli did not substantially increase perceived sweetness 

Sucrose Taste-temperature interactions 


Taste Sweetness 


OBSERVATIONS suggesting that temperature affects taste 
date back to the nineteenth century; however, the earliest 
systematic research was conducted by Hahn and Giinther 
[2]. They found that thresholds for NaCl and quinine sulfate 
went up with temperature (i.e., subjects became less sensi- 
tive as temperature varied from 19° to 40°C) while thresholds 
for HCI remained constant. Thresholds for three sweet sub- 
stances, dulcin, glycerin, and sucrose hit minimums at body 
temperature and rose as temperature decreased or increased. 

McBurney, Collings, and Glanz [4] replicated Hahn’s 
study for selected taste substances but added several 
methodological improvements. They found more similarity 
among stimuli as regards the effects of temperature; 
thresholds tended to reach minimums at intermediate tem- 
peratures. In the case of dulcin, the minimum occurred 
below body temperature. 

One feature of Hahn’s experimental design deserves spe- 
cial attention. Hahn believed that a taste judgment would be 
distorted if a thermal sensation was perceived along with the 
taste sensation. For this reason he adapted the tongue to 
about the temperature of a given stimulus before applying 
the stimulus. This design made good sense in the Miillerian 
era when temperature and taste were believed to stimulate 
different neurons, and the main effect of temperature was 
believed to be its effect on chemical reactions occurring in 
taste transduction. However, modern neurophysiology pro- 
vides a very different perspective. Many taste neurons are 
now known to be sensitive to thermal stimulation. In particu- 
lar, there is a correlation between types of taste and thermal 
sensitivity. For example, rat and hamster taste fibers that are 
responsive to HCI and quinine also tend to be responsive to 
cooling. Hamster taste fibers that are responsive to sucrose 
also tend to be responsive to warming [12]. Thermal sen- 
sitivity can even depend on the specific chemical nature of 
the stimulus. For example, a particular rat chorda tympani 
fiber might be responsive to cool NaCl but not to cool KC! 
[21]. The functional significance of these thermal responses 


is still uncertain, but if these neurons mediate taste exclu- 
sively, then changing the temperature of a solution should 
change its taste. For example, in fibers responsive to cooling 
as well as to quinine, cool quinine might produce a stronger 
bitter taste than warm quinine. This means that the presence 
of a thermal sensation may be an important source of taste- 
temperature interactions in normal experience. This source 
was eliminated by Hahn’s experimental design 

Modern psychophysical studies of the effects of tempera- 
ture on taste no longer depend solely on thresholds because 
thresholds provide such limited information. The scaling of 
perceived intensity from threshold to very intense provides a 
more complete view of sensory function. Stone, Oliver, and 
Kloehn [20] used magnitude estimation to scale glucose and 
fructose at 5, 22, and 50°C. They found no significant effects 
of temperature. Moskowitz [7] used magnitude estimation to 
scale a variety of substances including glucose at tempera- 
tures ranging from 25° to 50°C. At the temperatures near 
those used in the study of Stone er a/. (25° and 50°) [20], 
Moskowitz [7] found little difference between the glucose 
functions, confirming Stone et al. [20]. However, near body 
temperature, Moskowitz [7] found that the more dilute glu- 
cose solutions were sweeter. 

In addition to scaling suprathreshold tastes rather than 
measuring thresholds, Moskowitz [7] and Stone et a/. [20] 
also departed from Hahn’s [2] procedure with regard to 
thermal adaptation. Their subjects rinsed between trials with 
water at room temperature. Normally the tongue is near core 
body temperature when a solution is tasted. Rinsing with 
water at room temperature would cool the tongue to below 
body temperature; however, thermocouple readings in our 
laboratory suggest that the tongue returns to body tempera- 
ture relatively rapidly after the subject spits out the rinse 
water. Thus the thermal adaptation in these studies was 
probably very similar to that of normal experience if the 
subjects paused for about 30 sec after rinsing. 

Sucrose has not been included in the studies using mod- 
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ern psychophysical methods to evaluate the effects of tem- 
perature on taste [4, 7, 9, 20]. Since sucrose, the most com- 
monly ingested sugar, is consumed at a variety of tempera- 
tures, the present study was designed to use magnitude esti- 
mation to evaluate the effects of temperature on the sweet- 
ness of sucrose. 

When sucrose is consumed it is, of course, swallowed. 
Taste stimuli are usually not swallowed during taste tests in 
order to avoid the ingestion of possibly harmful substances. 
This potentially limits the validity of taste research done with 
the typical sip and spit procedure since receptors in the rear 
of the mouth and the throat are not stimulated. Experiment 3 
was designed to compare the sip and spit with a sip and 
swallow procedure. 


METHOD 
Subjects 


Subjects were recruited from a pool consisting primarily 
of students and staff of Yale University and the John B. 
Pierce Foundation Laboratory. 


Stimuli 


Solutions of sucrose (commercial grade) and NaCl (re- 
agent grade) were prepared with deionized water. Sucrose 
concentrations were evenly spaced quarter log steps apart on 
a logarithmic scale. Each stimulus was preceded by a rinse of 
approximately body temperature water. 


Adaptation of Tongue 


A fine thermocouple placed on the dorsal tongue surface 
and held in place with the mouth closed was used to measure 
tongue temperature in a typical subject. Tongue temperature 
was measured under the following conditons: no rinse 
(baseline); a typical rinse with water at 36°C; the tasting of a 
44°C stimulus followed by a 36°C rinse. Tongue temperatures 
following the rinses were within 0.5°C of the baseline tem- 
perature. 


Method of Magnitude Estimation 


Subjects recorded magnitude estimates [19] on response 
sheets with columns labeled ‘‘tasteless,”’ “‘salty,’’ ‘‘sweet,”’ 
‘sour,’ ‘‘bitter,’’ and ‘‘other responses”’ [17]. They were 
instructed to record a magnitude estimate for each quality 
recognized and to check ‘‘tasteless’’ if there was no taste at 
all. 


Modulus Normalization 


In these studies, subjects were permitted to use any num- 
bers they chose. The only restriction was that the ratios 
among the chosen numbers should reflect the ratios among 
the sensations, i.e., if one stimulus is called **10°’ and an- 
other is twice as strong, then it should be called *‘20,”’ etc. 
This procedure permits variation across subjects that reflects 
only the subject’s choice of absolute number sizes. This var- 
iation is reduced by choosing a statistical ‘‘standard’’ and 
making all subjects’ responses to that standard equal. For 
example, suppose the standard chosen was stimulus x. We 
want to make the magnitude estimate of x (Mx) equal for all 
subjects (the number chosen is arbitrary, say, ‘‘100°’). We 
find the multiplicative factor necessary to do this for each 
subject: 

factor=100/Mx 
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Each of a subject’s responses is then multiplied by that fac- 
tor. Note that this operation does not change the ratios 
among a subject’s judgements. It merely removes variability 
due to the sizes of numbers chosen by each subject. 


Experiment |: Test of a Range of Temperatures with the 
‘Sip and Spit’’ Method 


Ten subjects (3 males and 7 females) served in two ses- 
sions each. Each session consisted of 43 trials, seven con- 
centrations of sucrose each at six different temperatures and 
0.32 M NaCl (at 36°C). The NaCl served as a standard with 
which to normalize the data of this study but also to permit 
comparisons with potential studies planned that will include 
the same NaCl concentration. 

Stimuli were warmed or cooled to 4, 12, 20, 28, 36, and 
44°C in water baths accurate to within a range of about 
0.25°C. 

For convenient storage in water baths, stimuli were 
placed in disposable test tubes and sipped from the test 
tubes. 


Experiment 2: Sweetness of Sucrose at Room and Body 
Temperatures When the Sucrose Is Sipped but Not 
Swallowed 


Thirteen subjects (nine males, four females) were tested 
in a single session each. The session consisted of sixty trials, 
three series of water plus nine sucrose concentrations at two 
temperatures, room temperature (22°C) and approximate 
body temperature (34°C). Stimuli (in random order) were 
sipped from plastic medicine cups and then spit into a sink. 

Data were normalized by equalizing the geometric mean 
across the four highest sucrose concentrations tasted at 34°C 
across subjects. A preliminary version of this experiment 
was included in Bartoshuk [1]. 


Experiment 3: Comparison of ‘‘Sip and Spit’’ and ‘‘Sip and 
Swallow’’ Tasting Methods 


Twenty four subjects (nine males, fifteen females) were 
tested in a single session each. In each session, nine stimuli 
(eight concentrations of sucrose plus water) were each eval- 
uated under both temperatures (20°C and 34°C) and both 
stimulating procedures (sip-and-spit and sip-and-swallow). 
The order of the four conditions (sip-20°, sip-34°, swallow- 
20°, swallow-34°) was counterbalanced. Within each condi- 
tion the nine stimuli were in random order. At the end of 
each session, 0.18 M NaCl (34°C) was tasted (sip-and-spit). 
Data were normalized by equalizing the response to the 
NaCl across subjects. As in Experiment |, stimuli were sip- 
ped from test tubes. 


RESULTS 
The results of Experiment | are shown in Figs. 1, 2, and 3. 
Analysis of Experiment 1: Convergence of Power Functions 


The sweetness functions for the various temperatures ap- 
pear to converge (see Fig. 1). J. C. Stevens [18] has studied 
families of converging power functions in psychophysics and 
has provided a method of estimating the ideal convergence 
point. The method is based on the fact that if a set of straight 
lines (e.g., the straight lines produced by the log-log plots in 
Fig. 3) converge, then the slopes of the lines plotted against 
the logarithms of the intercepts must yield a straight line. 
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FIG. 1. Effects of temperature on the sweetness of sucrose. The 
functions converge at 0.52 M sucrose. Solutions were tasted with the 
sip-and-spit method. 
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FIG. 2. The functions in Fig. | are displaced by half log steps to 
make the individual functions easier to see. The slopes of the best 
straight line-fits to the data points are for 44° through 4°, respec- 
tively: 0.80, 0.89, 1.01, 1.02, 1.40, 1.31. 


Further, the slope of that straight line will be the logarithm of 
the stimulus value for the intersection point of the set of 
lines. The proof is as follows. The general formula for the 
power functions that describe perceived sweetness versus 
concentration of sucrose is /=kd* where w is perceived in- 
tensity and ¢ is sucrose concentration. The exponent, 8, and 
the intercept, k, vary across the family of functions. If we 
take the logarithm of both sides of the formula, then: 
log JW = B log d + log k 
Let a represent log w and c represent log ¢ at the intersection 
point. Then by substitution 
a = cB + log k (or log k = a — cf), 

which is a straight line in semi-log coordinates. Such a plot is 
shown in Fig. 3. The question is can we use the data in Fig. 3 
to determine the best estimate of the convergence point? The 
answer is yes. It turns out that the slope of the line in Fig. 3 is 
equal to the logarithm of the ideal convergence point. To 
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FIG. 3. The log intercept versus the exponents of the functions in 
Figs. | and 2. The points fall on a straight line with a slope different 
from zero. The convergence point of the functions in Figs. 1 and 2 is 
given by the antilog of the slope of the function above. (See text for 
proof.) 


demonstrate this let A and B be any two members of this 
family of functions: 
log W = B, log @ + log ky 
log W = B, log @ + log kz 
If these functions intersect, then at the intersection point W, 
= Ww, and @, = d». Thus we can write 
Bs log bd, log Kk, = Bp log bd, + log kg. 
Rearranging produces, 
log k, — log kg 
Bsa — Ba 
By definition the expression to the left is the slope of the plot 
of log k versus £, i.e., the ratio of the difference between any 
two points on the ordinates (logarithmic) and the difference 
between the two corresponding points of the abscissa. The 
slope of the line in Fig. 3 is —0.28 and the antilog of —0.28 is 
0.52. Thus the ideal intersection point for the functions in 
Fig. 1 is 0.52 M sucrose. 

Further examination of the plot in Fig. 3 gives a correla- 
tion of .925 which is statistically significantly different from 
zero (p<0.01). This supports the conclusion that the func- 
tions shown in Fig. | tend to converge. 


= log d, (or log op) 





Experiments 2 and 3 


The results for Experiments 2 and 3 are shown in Figs. 4 
and 5. Experiments 2 and 3 suggest that the sweetness of 
sucrose may be affected by even the relatively small tem- 
perature difference between room and body temperature. 
However, there are problems associated with statistical 
validation of this impression. The data violate the require- 
ments of parametric statistics. Ideally, each experiment 
should be analyzed with an ANOVA but magnitude estima- 
tion data typically show correlated means and variances. 
Furthermore, the usual log transformation is impossible with 
these data because many subjects gave zero estimates. Even 
t-tests for individual concentrations are of questionable va- 
lidity because at the lower concentrations and lower tem- 
peratures, the large number of zeros makes the distributions 
badly skewed from normal. Effects of temperature at indi- 
vidual concentrations can be tested with the two-tailed Wil- 
coxin matched-pairs, signed-ranked test [15]. When this test 
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FIG. 4. The effects of temperature on the sweetness of sucrose at 
approximately body temperature (34°C) or room temperature (22°C). 
Solutions were tasted with the sip and spit method. 


was used to evaluate differences between room and body 
temperatures in Experiments 2 and 3 (as well as the 20° and 
36° data in Experiment 1), significant differences between 
the sweetness of sucrose at room and body temperature re- 
sulted for only a few of the concentrations (i.e., 0.1 M in 
Experiment 1; 0.032, 0.056, and 0.1 M in Experiment 2; and 
0.032 M in the swallow condition in Experiment 2). Thus the 
individual experiments each suggest that sucrose near body 
temperature is sweeter than sucrose at room temperature but 
the difference is not impressive by these tests. However, we 
can pool these data and ask a slightly different question using 
the sign test [15]. Looking at the functions in Figs. 1, 4, and 
5, the points on the body temperature functions fall above 
those for the room temperature functions 27 out of 32 times. 
The probability (two-tailed) that this result could have oc- 
curred by chance is 0.00012. Thus pooling the data across all 
of the experiments strongly supports the conclusion that su- 
crose near body temperature is sweeter than sucrose at room 
temperature. 


DISCUSSION 
Theoretical Sources of Taste-Temperature Interactions 


There are several potential loci for the taste-temperature 
interactions observed. Temperature may actually alter the 
stimulus. Shallenberger and Acree [13] identified an AH,B 
system common to many sweet substances. The *‘AH”’ re- 
fers to an electronegative atom A, like oxygen or nitrogen, 
covalently bonded to a hydrogen atom, H. The ‘‘B’”’ refers to 
a second electronegative atom. AH and B must be separated 
by about 3A. A third binding group, y, was added later 
[3,14]. This makes the sweet unit an asymmetric triangle. A 
single sugar molecule can contain more than one of these 
sweet units. Changes in temperature can alter the conforma- 
tion of sugar molecules thereby eliminating or adding sweet 
units. On the basis of this theory, Shallenberger and Acree 
[13] predicted that the sweetness of sucrose should increase 
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FIG. 5. Similar to Fig. 4 except that two tasting methods were used: 
Sip-and-spit and sip-and-swallow. 


as temperature increases. If we could ignore all other effects 
of temperature on taste, then our data support this prediction 
for low concentrations. That is, for concentrations less than 
0.5 M sucrose, warmer sucrose is sweeter. However, as 
noted, the functions converge. A simple increase in effective 
concentration with temperature would have produced paral- 
lel functions because warming by a given amount would have 
increased the effective concentration of sweet stimulus by a 
constant percentage across all sucrose concentrations. If 
conformational changes with temperature were the only 
source of the effects obtained, then some limiting effect of 
concentration must operate. 

Temperature might affect the transduction process and 
thereby alter the neural message produced by sucrose. There 
are presumably several steps between the initial binding of 
sucrose to the receptor membrane and the production of 
action potentials in the sensory axon. These steps are un- 
known, but temperature might affect any chemical reactions 
involved. 

Interactions between temperature and taste may occur 
within the nervous system. In the hamster, chorda tympani 
neurons [8] as well as neurons in the parabrachial nucleus 
[11] respond to both thermal and taste stimuli. There is a 
positive correlation between warming and sucrose stimula- 
tion. It is tempting to speculate that a response to warming in 
such neurons added to the response to sucrose is interpreted 
centrally as simply a larger response to sucrose, i.e., as 
sweeter. This would imply that warming per se in these units 
should produce a sweet taste, but warm water does not taste 
sweet to human subjects. The roles of neurons responsive to 
taste and temperature have yet to be established. Finally, 
thermal and taste input could also interact in the central 
nervous system. 

We cannot explain easily the origin of the effects of tem- 
perature on taste because we cannot separate easily the var- 
ious possible contributing factors. For example, the search 
for a neural locus of temperature effects on sweeteners is 
limited by lack of precise knowledge of the effects of tem- 
perature on the stimulus itself. Similarly, effects of tempera- 
ture on the chemistry of sweeteners cannot be inferred from 
psychophysical data because neural interactions and even 
effects of temperature on the transduction process cannot be 
eliminated. 


Some Practical Considerations 


The effects of temperature on the sweetness of sucrose 
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are of the most practical significance at relatively low con- 
centrations of sucrose since the functions in Fig. 4 converge 
at 0.52 M sucrose, high compared to concentrations in com- 
mon foods and beverages. For example, a typical lemonade 
recipe (2 Tbsp. lemon juice, 2 Tbsp. sugar, and 1 cup water; 
[10] contains the equivalent of 0.29 M sucrose. According to 
our data, the sweetness of this concentration of sucrose in- 
creases by 40% as the temperature increases from 4°C (about 
refrigerator temperature) to 36°C (about body temperature). 
On the other hand, the sweetness of a lower sucrose concen- 
tration like 0.12 M (the sucrose equivalent of 2 tsps. of sugar 
in a cup of coffee) increases by 92% (i.e., the sweetness 
nearly doubles) as the temperature increases from 4°C to 
36°C. 


Body vs Room Temperature 


The three experiments do not show equally impressive 
evidence for an effect of room versus body temperature. 
Experiment 2 showed the most convincing effect. In part this 
may be due to variations in the difficulty of the tasks as- 
signed to the subjects. Experiment 2 was the easiest since 
subjects were given only two temperatures and all tasting 
was done in the same manner. Experiment 3 required two 
tasting methods and included several temperatures. This 
additional complexity may have increased variability. The 
main reason for concern about even a small difference in 
taste at these temperatures is their common use in taste 
psychophysical research. For example, flow procedures 
often use stimuli at body temperature while sip and spit pro- 
cedures usually use stimuli at room temperature. Meiselman 
[5] noted that studies using flow procedures tend to produce 
flatter psychophysical functions for the sweetness of su- 
crose. The present data support Meiselman’s [5] suggestion 
that temperature may contribute to that difference. 


Sipping vs Swallowing 


Experiment 3 (see Fig. 5) provides a direct comparison of 
the perceived sweetness of sucrose under two tasting condi- 
tions. Note that the lower concentrations tended to be less 
sweet when simply sipped than when sipped and swallowed 
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but the differences were very small (and not statistically sig- 
nificant). At the higher concentrations the functions for the 
two methods overlapped. Since the swallow condition must 
increase the total number of receptors stimulated, the per- 
ceived sweetness might be expected to increase substantially 
with swallowing. However, Smith [16] has shown that per- 
ceived taste intensities do not grow rapidly as the area stimu- 
lated increases; that is, spatial summation is not a particu- 
larly powerful phenomenon in taste. In addition, Miller [6] 
has shown in the rat that the front of the tongue contributes a 
disproportionate amount to whole taste-nerve responses. 
This could be another reason why swallowing sucrose did 
not substantially increase perceived sweetness. 


Sucrose vs Glucose and Fructose 


The results for sucrose in this study are not identical to 
the results for glucose in the studies of Stone er a/ [20] and 
Moskowitz [7] or to the results for fructose in Stone et al. 
[20]. The most obvious possible explanation is the fact that 
these sweeteners are chemically different. However, there 
were procedural differences that might play a role. For 
example, all temperatures were compared within a session in 
our study while only three temperatures were compared in 
any single session in Moskowitz’s [7] study. When tempera- 
ture effects exist, within sessions comparisons may be more 
successful at demonstrating them than across sessions com- 
parisons. Further, Stone er a/. [20] report no statistically 
significant effects of temperature on glucose, yet their data 
show a tendency to form a set of converging functions much 
like those we report for sucrose. A comparison of sugars 
using the same psychophysical methods would help assess 
the possibility that structural changes in sugars contribute to 
the taste-temperature interactions. 
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CASTONGUAY, T. W., D. E. UPTON, P. M. B. LEUNG AND J. S. STERN. Meal patterns in the genetically obese 
Zucker rat: A reexamination. PHYSIOL. BEHAV. 28(5) 911-916, 1982.—The meal patterns of four obese and four lean 
female Zucker rats were analyzed using five different intermeal interval definitions in combination with four minimum meal 
size definitions. Results from these 20 analyses revealed that obese rats typically initiate fewer but larger meals than their 
lean littermates. However, these general findings were not always observed with the use of particular combinations of 
intermeal interval and minimum meal size definitions. The interaction between meal pattern analysis parameters and rat 
genotype led to a second series of statistical analyses. Results from these procedures revealed that unlike the ‘‘nibble-eat”’ 
pattern of intake that characterizes lean rats, obese rats seem to initiate three classes of meals; the very small meal, the 
typical meal, and the ‘‘super-meal.”’ It is suggested that the analysis of the meal patterns of Zucker rats incorporate 
relatively large minimum meal size definition with at least two intermeal interval definitions. 


Meal pattern analysis Meal size 


MEAL pattern analysis has been used to provide informa- 
tion about the moment-to-moment intake of food and the 
mechanisms controlling intake [1, 8, 9, 17, 18] as well as 
providing a sensitive baseline for the study of pharmacologi- 
cal agents [6,7] physiological states [3,13] and dietary ma- 
nipulation [4,14]. Despite its growing utility, there have been 
very few methodoligical studies of meal pattern analysis. 
With very few exceptions [7, 8, 15] investigators have used a 
limited set of definitions of intermeal interval (used to de- 
termine the end of a meal) and minimum meal size (used to 
determine the start of a meal) in their meal pattern analyses. 
Variations in the definition of intermeal interval (IMI) have 
been shown to have a major impact on the quantifications of 
average daily meal size and daily meal frequency [8]. Al- 
though there has been no known parametric analysis of var- 
ations in minimum meal size (MMS), several investigators 
have suggested that the definition of MMS can also influence 
the number and average size of meals found in a 24 hour 
period [2,15]. 

The feeding patterns of the Zucker obese rat have been 
characterized as different from their lean littermates in sev- 
eral ways. Obese rats have been found to have initiated 
fewer daily meals, but these meals were larger, on the aver- 
age, than the typical meals initiated by the lean rats [2]. A 
recent meal pattern analysis of this same strain found that 
feeding patterns in Zucker rats may be diet dependent [15]. 
In contrast to being fed liquid diets, obese rats given access 


Intermeal interval 


Obesity Zucker rats Food intake 


to solid foods eat larger meals than lean littermates, but these 
meals occur either with greater [6] or equal [15] frequency 
when compared with controls. 

In review, it appears that a characterization of the feeding 
patterns of Zucker rats remains sketchy. One possible ex- 
planation for these widely discrepant observations is that the 
IMI and MMS definitions may play a role in deriving differ- 
ent conclusions about daily meal frequency, average daily 
meal size and the meal size frequency distributions. The fol- 
lowing analyses of the feeding patterns of obese and lean 
Zucker rats sets out to determine if variations in IMI and 
MMS definition can produce different conclusions about 
feeding frequency and meal size in the same pattern. 


METHOD 


Animals 

Four obese (fafa) and four lean (FA/-) female Zucker rats 
approximately 8 months old, were obtained from our own 
breeding colony. The obese rats weighed an average of 571 g 
+23.69 and their lean littermates weighed an average of 271 g 
+11.36. 


Apparatus 
Animals were individually housed in Plexiglas test cages 
that were equipped with 1/4 inch wire mesh floors. Each cage 
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measured 50 cm by 33 cm by 59 cm and was equipped with a 
6.5 cm diameter, 7 cm long vertically mounted tunnel. At the 
base of the tunnel was a large food cup. The cup was built so 
that any spillage that occurred would fall into a large lip that 
surrounded the cup opening. Each food cup was placed on a 
Mettler P-300 series balance. Output from each balance was 
continually monitored by a PDP-11 computer (Digital 
Equipment Company; Maynard, MA). The cages were also 
equipped with small openings along one wall so that a spout 
extending from a water bottle could be extended | cm into 
the cage. 


Pre ICE dure 


Each rat was placed in a cage and allowed to feed ad lib 
on a 20% protein semi-synthetic diet and water for one month. 
Every day between 1200 hr and 1300 hr the remaining 
food supply was weighed, and spillage (if any) collected. The 
rats were weighed, and water intake determined volumetri- 
cally. Food cups and water bottles were then refilled. En- 
trance into the animal room was restricted to these mainte- 
nance sessions. A 15 watt incandescent lamp was used as a 
house light for each of the eight cages. These house lights 
and the fluorescent room lighting were synchronized so that 
a 12/12 day/night cycle was maintained, with lights coming 
on at 1200 hr. In that way, maintenance of the rats was 
scheduled to occur at the beginning of the rats quiescent 
period. 

After the 30 day acclimatization period, the rats feeding 
patterns were monitored for four consecutive days. The data 
summarized below are from days one and four. 


Data Analysis 


The monitoring system permitted a continuous account of 
each rat’s feeding (sampling time: 1.0 sec). Intake was meas- 
ured to within +0.01 grams every second. A software data 
analysis routine was used to reduce the data. As with any 
meal pattern analysis, two parameters had to be determined 
before data reduction could occur. First, the minimum inter- 
val that elapsed after a feeding session had taken place was 
experimentally investigated. Five such intervals were exam- 
ined: | min, 2 min, 5 min, 10 min and 15 min. 

The second parameter that was examined was the 
minimum intake required to define the start of a meal. Four 
minimum meal size definitions were examined: 0.01, 0.04, 
0.10 and 0.25 g. As a result, each of the two days meal 
patterns were examined in 20 different ways (5 intervals x 4 
minimum meal sizes) for each rat. Daily meal frequency and 
average meal size from the meal pattern analyses were used 
as dependent measures and were analyzed with the use of a 
repeated measures analysis of variance. Where appropriate, 
Duncan’s New Multiple range test was used to assess the 
statistical significance of differences between means [19]. 


RESULTS 

Lean rats typically ate less food in 24 hrs than did their 
obese littermates (14.37+0.52 g/day vs 18.54+0.66 g/day, re- 
spectively; t=3.97, p<0.05). The aim of any meal pattern 
analysis is to quantify the moment-to-moment feeding pat- 
terns of individual rats. In this instance, the patterns were 
analyzed with the intent of accounting for differences ob- 
served in 24 hr total food intakes between lean and obese 
rats. Figure | illustrates the 24 hr feeding patterns of two 
typical rats, one obese and one lean. 
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Each thin line represents a 3 minute interval and in this 
case the height of the line represents the amount of food 
eaten in that 3 minute interval. From the figure it seems clear 
that there is a difference in both meal frequency (the number 
of vertical lines) and size (the number of vertical lines that 
are contiguous). It also seems obvious that both lean and 
obese rats eat in “‘episodes’’ or “‘meals.’’ This fact can be 
obscured when attempting to quantify those meals. 

Selection of the two parameters needed to quantify meals 
markedly influenced not only the number of meals initiated 
on any day, but also affected conclusions about the differ- 
ences between rat genotypes. Using the largest intermeal 
interval definition (15 min) and the largest minimum meal 
size (0.25 g), the average number of meals was 9.87 meals for 
the obese and 15.25 meals for the lean rats (refer to Table 1). 
By contrast, using the smallest intermeal interval (1 min) and 
the smallest minimum meal size (0.01 g), obese rats initiated 
27.13 and lean rats initiated 39.25 meals per day. Although 
most of the combinations of interval and minimum size re- 
sulted in the observation that lean rats initiate more meals 
than their obese littermates, one combination (interval=15 
min, minimum meal size=0.01 g) failed to yield a significant 
difference, (Duncan’s New Multiple Range Test, p>0.05) a 
fact that accounts in large part for an observed significant 
3-way interaction between IMI, MMS, and genotype, 
F=3.55, p=0.0003. 

The importance of this interaction is made clear by com- 
paring meal frequencies for lean and obese rats within any 
one minimum meal size condition, across the five different 
interval definitions. Independent of which minimum meal 
size was used, the number of meals initiated by the obese 
rats did not significantly differ by using the 10 or 15 minute 
interval definitions (Table 1). In contrast, the relationship 
between interval and minimum meal size definitions in lean 
rats was not as straightforward. Meal frequency observed 
with the two smallest minimum meal size definitions in lean 
rats was signficantly changed with each of the five interval 
definitions. The remaining two definitions (0.10 and 0.25 g) 
failed to promote differences with the 10 and 15 minute 
intervals. The combination of definitions plays a much 
greater role in determining meal frequency among lean rats 
than it does in their obese littermates. 

Like meal frequency, the average daily meal size was 
affected by variation in both interval and size definitions. 
For example, using 15 min IMI, and 0.01 g minimum meal 
size definitions, the average meal size for obese and lean rats 
was 1.04 g and 0.88 g respectively (Table 2). By using a 
different minimum meal size definition (0.10 g) while main- 
taining the 15 min IMI definition, the average meal size of 
obese and lean rats was 1.76 and 1.05 g respectively 
(p <0.05). Post hoc comparisons of these averages using all 
20 sets of definitions revealed that lean rats were found to eat 
smaller meals than obese rats. However, the magnitude of 
the difference in the average meal sizes of obese and lean 
rats that was found with any one combination of definitions 
could be very large. 

For example, the difference between genotypes in aver- 
age meal size that was found using the 15 min IMI in con- 
junction with a MMS definition of 0.01 g was only 0.1627 g. 
However, the difference between genotypes in average meal 
size that was found using the 10 min IMI/0.10 MMS combi- 
nations of definitions was 0.73 g. Additionally, the average 
meal size within either obese and lean genotypes was af- 
fected differentially by changes in definition values. Among 
obese rats there was no difference in average meal size when 
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FIG. 1. Histograms detailing the occurrence of eating over one day/night cycle in one lean and one obese rat. Each hour was divided into 
consecutive three minute intervals. The width of any one line can be a composite of eating that occurred during these three minute intervals. 
The height of the line represents the amount of food consumed during each three minute interval. Thus, the jagged tops of some wider lines 
note the changes in local feeding rates. 




















TABLE | 


COMPARISON OF THE AVERAGE DAILY MEAL FREQUENCIES AS A FUNCTION OF VARIATIONS IN INTERMEAI 
INTERVAL AND MINIMUM MEAL SIZE DEFINITIONS 
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Each mean (+SEM) in the table is based upon two days total meal frequency for each of four rats per genotype. 
Within any one minimum meal size, averages with a common underlining are not significantly different from one 
another (p<0.05). Similary, within any one intermeal interval, averages sharing a common superscript are not 
different from one another. 
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FIG. 2. Frequency distribution of the meals initiated by either four obese or four lean rats during the 
same representative 24 hour period. Each meal was categorized by size by rounding each meal size 


value down to the nearest 0.01 grams. 


TABLE 2 
COMPARISON OF THE AVERAGE DAILY MEAL SIZES (g) 
AS A FUNCTION OF VARIATIONS IN INTERMEAL INTERVAL 
AND MINIMUM MEAL SIZE 





Minimum Intermeal Interval (min) 


Meal 


Size (g) 5 10 





Obese Rats 

















Lean Rats 
0.01 0.44 0.52 0.67 0.77 
0.04 0.53 0.62 0.77 0.88 
0.10 0.65' 0.74 0.90" 0.98 








0.25 0.74! 0.84* 0.99 1.18 1.12* 








Each mean is based upon two daily averages (in grams) for each of 
four rats per genotype. Within any one minimum meal size, averages 
with a common underlining are not significantly different from one 
another (p<0.05). Similarly, within any one intermeal interval, aver- 
ages sharing a common superscript are not different from one an- 
other. 


using a 10 or 15 min IMI in conjunction with any minimum 
meal size. By contrast, in lean rats a reliable difference in 
average meal size was found by comparing the 10 and 15 
minute IMI using the 0.01 minimum meal size definition. 

Inspection of the range of meal sizes provides an impor- 
tant insight into the differences between lean and obese rats. 
Figure 2 presents the total observed frequency of meals that 
were initiated by the four lean and the four obese rats for a 
typical 24 hour period. The figure details the differences in 
the observed frequencies of various meal sizes and shows 
the effect of changing the IMI definition. In lean rats, 
changes in IMI definitions had the effect of eliminating the 
numerous, very small meals. As IMI increased these smaller 
‘*meals’’ were combined with other meals, suggesting that 
lean rats eat many meals by eating a very small amount of 
food, either before or after from 1 to 10 minutes of initiating a 
typical meal. This nibbling-eating or eating-nibbling pattern 
is not observed with longer IMI definitions, since intake is 
scored as a single meal. 

Interestingly, the nibble-eat pattern was not observed in 
obese rats. Although there were as many very small meals 
initiated by the obese rats, they did not precede larger 
meals within 15 minutes. Any one of these small ‘‘meals’’ 
represents approximately 1/4 of a percent of the total daily 
intake of the average obese rat. Taken together, these small 
meals represent from | to 8 percent of the total daily intake 
of the obese rat. 

Figure 2 also details the difference between genotypes in 
the number of large meals initiated. Obese rats consumed 
many more large meals than lean rats. Of particular signifi- 
cance is the number of meals greater than 2.2 grams. Inde- 
pendent of which combination of meal pattern definitions 
that were used, lean rats initiated meals that were no larger 
than 2.0 grams/meal. By contrast, obese rats initiated from 4 
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to 13 meals per day that were larger than 2.2 grams/meal 
(also refer to Fig. 1). The large meals accounted for 14.9% of 
the total intake measured using the 1 min IMI definition. The 
use of the 2 minute IMI definition revealed that 23.27% of all 
intake in the obese rat was consumed during large meals. 
The 5 minute IMI revealed that 35.18% of the total intake 
was consumed during large meals. Similarly the 10 and 15 
minute IMI definitions revealed that 38.85 and 43.31% of the 
total daily intake was consumed during large meals. 
Finally, the use of different minimum meal size defini- 
tions had very little impact on the quantification of total daily 
food intake. When converted into a percentage of the intake 
that was measured using the 0.01 g MMs definition, 1.84% or 
less of the total intake was eliminated from the analysis (at 
0.04 g MMS, 0% was eliminated, at 0.10 MMS, 0.5% was 
eliminated, and at 0.25 g MMS, 1.84% was eliminated). 


DISCUSSION 


One of the main purposes of the present experiment was 
to examine the relationship of two independent variables on 
the quantification of both meal size and frequency in two 
genotypes of Zucker rats. The two meal pattern analysis 
variables (intermeal interval and minimum meal size) are 
generally treated as assumptions that must be made before 
analysis of the time course of feeding can begin. It has been 
demonstrated that the definition of IMI can influence the 
quantification of meal size and frequency [8]. Long IMI 
definitions can decrease and short IMI definitions increase 
daily meal frequencies. Obviously, extremely long IMI defi- 
nitions result in the quantification of only one continuous 
meal, whereas an extremely short IMI definition begins to 
use intra as well as inter-meal data. Typical IMI definitions 
used by most investigators range from 2 to 15 minutes [3, 
4-7, 14-16]. 

Recently, there have been suggestions that minimum 
meal size definitions can also influence the quantification of 
meal size and frequency [2,15]. The different methods (liquid 
diets, pelleted diets, photo cell monitoring, etc.) that have 
been used in the study of meal patterns have required differ- 


ent MMS definitions (for example, minimum number of 


licks, minimum interval interrupting a photo beam, etc.). 
Despite these variations, there has been no_ published 
parametric analysis of the effect of varying MMS definitions. 
Results from the present study not only fill that gap but also 
document possible interactions between MMS and IMI 
definitions. In general, larger MMS definitions decrease ob- 
served meal frequencies and increased observed average 
meal size. 

McLaughlin and Baile [15] have noted that different diets 
promote different responses in the obese and lean genotypes 
of Zucker rat. When offered a liquid diet, obese rats when 
compared to lean rats increased meal size and decreased 
meal frequency [2]. When offered a solid diet, obese rats 
increase meal size and have been observed to have either 
increased [6,10] or unchanged [15] meal frequency when 
compared to lean controls. The present experimental results 
suggest one variable that can account for some of the ob- 
served differences in meal patterns. The suggestion from our 
results is that meal patterns are best analyzed with at least 
two sets of definitions, that represent both high and low ends 
of both IMI and MMS continuums. It should be noted that if 
a short IMI definition was exclusively used in the meal pat- 
terns of the rats monitored during this study, one conclusion 
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would be that lean rats initiate more frequent meals than do 
their littermates and that obese meal size is much larger than 
lean controls. The same feeding patterns using a long IMI 
definition could have resulted in the finding that there was no 
difference in meal frequency and only a slight difference in 
average meal size between lean and obese genotypes. 

Finally, inspection of the meal distributions of lean and 
obese rats has led to the observation that unlike lean rats, 
there seems to be three distinct classes of meals eaten by 
obese rats. Obese rats eat either very small meals (<0.01 g) 
moderate sized meals (0.60g—1.8 g), or ‘‘super-meals”’ (>2.2 
g). Variations in IMI and MMS had very little effect upon 
these classes of meals. Lean rats, on the other hand, show a 
graded meal size distribution and do not initiate the extraor- 
dinarily large meals initiated by obese rats. As meal size 
increases, the probability of occurrence decreases propor- 
tionally. Further, different IMI definitions had an effect on 
the quantification of small meals. Lean rats initiate small 
bouts that are temporally distinct from major meals by ap- 
proximately two to five minutes. These bouts are mathemat- 
ically eliminated from the daily total of meals with the use of 
IMI definitions of 5 min or greater. The very small meals 
initiated by obese rats were not eliminated with large IMI 
definitions. Rather, these contribute both to the observed 
frequency of meals and as a result decrease the average meal 
size. The suggestion from this analysis is that meal eating in 
the obese Zucker rat is best characterized as ‘‘nibble and 
eat.’’ The very small meals, although ‘‘real’’ do not contrib- 
ute significantly to total daily energy consumption. On the 
average, any one of these meals represents less than 1/4 of | 
percent of the total daily caloric intake of the obese rat. The 
analogous intake of calories in the human would be less than 
the calories derived from one piece of chewing gum. Obvi- 
ously, the calories derived from such small *‘meals,’’ while 
not contributing to the energetic economy of the rat, play a 
role in increasing counts of daily meals as well as reducing the 
observed average meal size of obese rats. It is interesting to 
note that the meal size frequency distributions were not 
changed by varying MMS definitions. Further, the changes 
that were observed across IMI definitions were observed 
independent of which MMS definition was used. 

In summary, the moment-to-moment feeding behavior of 
Zucker obese and lean rats has presented a difficult and chal- 
lenging quantification problem. As a result, it is not surpris- 
ing that the reported observations of meal frequency and size 
differ. One variable that may be contributing to these differ- 
ences is found within the two assumptions or definitions 
used during the quantification process. Briefly, we have 
demonstrated that the intermeal interval definition interacts 
with the minimum meal size definition. It is our suggestion 
that some of the observed discrepancies [2, 6, 15] may be 
attributed in part to this interaction. Another source of var 
iability that may contribute to the differences in meal fre- 
quency resides in the effect one definition (IMI) has on a 
subset of the total number of meals and its inter- 
actions with the genotype variable. Lean rats eat very 
small meals that are usually initiated in close temporal prox- 
imity with larger meals. The use of longer IMI definitions 
results in the observation of only one meal. Unlike lean rats, 
obese rats initiate very small meals that are not combined 
with other meals by using longer IMI definitions. Rather, 
these very small meals are part of the feeding repertoire of 
obese rats. The role or significance of such small meals is not 
understood. 
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APPLEGATE, E. A., D. E. UPTON AND J. S. STERN. Food intake, body composition and blood lipids following 
treadmill exercise in male and female rats. PHYSIOL. BEHAV. 28(5) 917-920, 1982.—Body weight gain, food intake, 
body composition and blood lipids of male and female Osborne Mendel rats were compared on the same exercise treadmill 
program. To mimic their nocturnal habits, rats were exercised daily at the beginning of the 12 hour dark cycle and food 
intake was measured for both light and dark cycles. After a 10 day treadmill adaptation period, the duration of exercise was 
successively increased over a 12 day period until 60 min/day at 21.3 meters/min was reached. Relative to their respective 
controls, exercised male rats showed a reduction in body weight and light cycle food intake while female runners showed 
no change in body weight or food intake. Exercise resulted in a decrease in percent body fat in both males and females 
while only male runners increased percent protein. Both males and females reduced serum triglycerides while serum 
cholesterol was reduced only in the males. The short term exercise program produced highly significant changes in the 


males while the females were more resistant to the same exercise regimen. 


Food intake Exercise Lipids Rats 


Séx differences 


EXERCISE has been reported to increase, decrease or have 
no effect on food intake. These discrepancies may reflect 
differences in exercise protocols as well as basic biological 
characteristics. For example, numerous investigators have 
reported that male and female rats respond differently to 
exercise training [9,15]. Typically, exercised male rats have 
reduced body weight gain compared to sedentary controls 
[9,10]. This reduction is in part accounted for by a decrease 
in food intake. In contrast, exercised female rats have body 
weights similar to sedentary controls and actually increase 
their food intake [11]. 

Direct comparisons of the differential effects of exercise 
on the food intake of male and female rats cannot be made. 
In previous publications of male and female rats, most in- 
vestigators only study one sex. In addition, the mode, the 
intensity and duration of the exercise bout vary between 
studies, making comparisons more difficult. 

The purpose of the present study was to exercise both 
male and female rats on the same treadmill running program, 
and to examine sex differences in body weight, body com- 
position, food intake, blood lipids, insulin and glucose which 
are promoted by the exercise program. In previous studies, 
animals are exercised during the light cycle [9, 10, 11, 15] 
which may disrupt their normal nocturnal activity pattern 
and could influence various behaviors such as food intake. 
To mimic the nocturnal behavior of rats, exercise was con- 
ducted during the onset of their dark cycle. 
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METHOD 
Animals 


At 10 weeks of age, male (body wt.: 311+3 g) and female 
(body wt.: 195+4 g) Osborne-Mendel rats were housed in 
individual hanging cages. Food (20.0% casein+0.7% 
methionine, 59.8% cerelose, 8% corn oil, 6% salt mix, 4% 
fiber, 1.5% vitamin mix) and water were provided ad lib 
during a 7 day baseline period. Rats were maintained on an 
inverted 12-12 hr light/dark cycle. Body weights were meas- 
ured daily. Food intake was measured twice daily, at the 
onset of the dark (0900) and light (2100) cycle. After the 
baseline period, male (n=20) and female (n=16) rats were 
equally divided into either sedentary or exercise groups. 
Animals in the exercise groups were not preselected for their 
ability to run. 


Procedure 


Male and female rats were run daily at the onset of the 
dark cycle on a motor driven treadmill equipped with an 
electric shock grid (Stanhope Scientific, SAT 2000, Davis, 
CA). Access to food was removed from all groups during the 
exercise period. Treadmill speed and duration of exercise 
were gradually increased so that by the end of a 10 day 
adaptation period (Days 8-17) animals were running at a 
speed of 21.3 meters/min for 15 minutes 0% grade. After the 
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completion of the adaptation period, a 12 day exercise period 
(Days 18-30) was begun. During this period, speed was held 
constant and exercise duration was increased every 2 days 
until it reached 60 min/day. 

Rats were sacrificed by decapitation 24 hours after the 
last day of exercise. Blood was collected and analyzed for 
total triglyceride (BMC triglyceride kit), total cholesterol 
(BMC cholesterol kit), immunoreactive insulin [14] im- 
munoreactive glucaton [3] and glucose (Beckman Glucose 
Analyzer: glucose oxidase method). Gonadal retroperitoneal 
fat pads were removed immediately for lipid determination 
[4]. Data were analyzed using two way and repeated measure 
analysis of variance (ANOVA) models. Differences between 
means were evaluated with Duncan’s New Multiple Range 
test [13]. 


RESULTS 
Body Weight, Body Composition and Food Intake 


At the end of the adaptation period, Day 17, exercised 
male rats tended to have lower body weights than sedentary 
controls (Fig. 1). The difference between groups became 
significant during the exercise period (p<0.01). In contrast, 
exercise had no effect on body weight in females. Gonadal 
and retroperitoneal fat pads weighed significantly less in 
exercised males than controls (Table 1). The exercise pro- 
gram did not influence pad weight in females. 

Body composition data are presented in Table 1. Male 
rats had significantly greater carcass weight, body fat, 
protein and ash than females. Exercise greatly reduced car- 
cass weight in males. This reduction can be accounted for on 
the basis of lower body fat content in male runners. How- 
ever, exercise did not influence carcass weight in females yet 
body fat content was significantly decreased in exercised 
female rats (p<0.05). When expressed in a percentage basis, 
fat, protein and total body weight were significantly influ- 
enced by exercise in male rats. However, there was no ac- 
tual protein gain in exercised male rats and the increase in 
percent protein reflects a decrease in body fat. While in 
female rats, only percent body fat and total body water were 
altered. Exercise promoted a decrease in percentage of car- 
cass fat in both males and females (p<0.01). 

Males ate significantly more than females for all time 
periods measured (Fig. 2). Food intake was not influenced 
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FIG. 1. The effects of treadmill exercise on development of body 
weight in male and female, Osborne Mendel rats. Results are aver- 
age values. Final values include +S.E.M. 


during the 10 day adaptation period in males and females. 
Exercised males reduced their intake during the light cycle 
when compared to sedentary male controls (p<0.01). How- 
ever, dark cycle food intake was unaffected. Exercise had no 
effect on food intake in females. 

Cummulative food intakes for males and females during 
the light and dark cycles and 24 hour total are presented in 
Fig. 3. As in daily food intakes, cummulative analysis reve- 
als a significant (p <0.01) reduction in exercised males during 
the light cycle. However, 24 hour cummulative food intake 
was unaffected by exercise. Females did not alter food in- 
take either in day/night patterns or in 24 hour totals. 


Blood Analysis 


Both groups of male rats had significantly higher serum 
triglyceride levels than females (p<0.01), while the reverse 
was true for cholesterol levels (p<0.01) (Fig. 4). Exercise 
reduced serum triglyceride values for both male and female 


TABLE | 
BODY COMPOSITION IN SEDENTARY AND EXERCISED MALE AND FEMALE RATS 





Gonadal RP 
Pad Pad 
wt. (g) wt. (g) 


Carcass 
Body Protein 


Group (g) Protein 


Total 
Body 
% Yi ‘ Xe Water 
(g) (g) ‘ Water 


% Total 
Body 





8.36*+ 4.348+ 3344+ 74.1+ 
Sedentary 0.28 0.21 4.0 1.6 
Male 5.014+ 1.444+ 317°+ 74.2+ 
Exercise $ 0.22 0.13 4.0 io 
Female 5.06 + 1.42 + 181 + 40.1+ 
Sedentary 0.71 0.10 4.0 0.9 
Female 4.22 + tae 2 178 + 40.5+ 
Exercise 0.43 0.10 3.0 0.5 


Male 


21.42 15.6°+ . : 198.1+ 
0.3 } 0.7 . ; 3.4 
aa.F = LP ss 8+ 201.3+ 
0.2 ‘ 0.3 a ; 2.8 
22.1 ES ge i> ‘ 108.5+ 
0.3 ‘ 1.1 .2 : 1.9 
22.7 10.1°+ 110.8+ 

0.2 : 0.5 





Numbers with same superscript are significant. *°(p<0.01); “(p<0.05). 





EXERCISE AND FOOD INTAKE 
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FIG. 2. Daily food intake in treadmill exercised and control male and 
female Osborne-Mendel rats. (a) Dark cycle. (b) Light cycle. Results 
are averaged values. 


rats. Male runners had a lower serum cholesterol level com- 
pared to their sedentary controls while females failed to 
show this effect. Overall, males had a greater plasma insulin 
level than the females (Fig. 5). Insulin levels were reduced 
by half in the exercised males while levels for the female 
runners did not differ from their sedentary controls. In paral- 
lel with insulin changes, serum glucose was decreased in 
male runners but not in exercised females. 


DISCUSSION 


Consistent with previous findings, exercised male rats 
have lower body weights compared to sedentary controls 
while exercised females are able to maintain body weights 
similar to that of controls [9, 10, 11, 15]. However, in con- 
trast with past findings [9], no reduction of total food intake 
in exercised males and no increase in food intake was ob- 
served in the female rats. Despite major changes in caloric 
output, the exercised females maintained body weight as 
compared to controls, this body weight maintenance is re- 
flected in significant alterations in body composition (i.e., 
depression of body fat). 

Our final exercise program was comparable in duration 
and intensity to that reported by Nance and colleagues [9]. 
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FIG. 3. Cummulative food intake in treadmill exercised and control 
male and female Osborne-Mendel rats. Food intake data were meas 
ured during 12 days of exercise and are given for 12 hour dark cycle 
12 hour light cycle and 24 hour total. Results are average val 
ues+S.E.M 
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FIG. 4. Serum triglyceride and cholesterol levels in male and female 
exercised and control Osborne-Mendel rats. Results are average 
values+S.E.M 
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FIG. 5. Serum glucose and immunoreactive insulin levels in male 
and female, exercised and control Osborne-Mendel rats. Results are 
average values+S.E.M. 
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However, our adaptation period was 10 days in comparison 
to their 3 days. With the shorter adaptation period (i.e., 3 
days), numerous injuries resulted and several rats died (un- 
published results). In contrast, Nance and colleagues, as do 
most investigators, eliminate nonrunners from their experi- 
ments. Since preselection of runners and elimination of non- 
runners could bias the results, the longer adaptation period 
was used. Thus, all rats were able to complete the exercise 
program. 

Also, in contrast to other studies cited where rats exer- 
cised during the light cycle [9, 10, 11], rats in this experiment 
were exercised during their dark cycle. 

Exercised males gained less weight relative to controls 
than did exercised females. Males, due to greater body mass, 
perform more work hence expend more energy than female 
runners given the same exercise program. The additional 
energy output may explain in part the reduced relative body 
weight gain in male runners vs female runners compared 
with their respective controls. Evaluation of this explanation 
would require studies of equivalent energy output across 
sexes as opposed to equivalent speed and/or duration in the 
design of an exercise protocol. However, since the im- 
mediate decrease in body weight gain of the males occurred 
during the adaptation period (when increased energy output 
was minimal) the decreases in weight gain cannot be ex- 
plained solely on the basis of increased energy expenditure. 

Various exercise programs have been shown to alter 
plasma lipids in both humans and other animals [2, 7, 12]. 
The dramatic results of serum triglyceride observed in both 
males and female runners is similar to that seen by 
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Papadopoulos and colleagues [12] after 2 weeks of daily 


exercise swim training (4 hours/day). Changes in serum cho- 
lesterol are not uniformly seen with exercise [6,8]. The lower 
serum cholesterol levels we observed in exercised males are 
in agreement with the aforementioned § study of 
Papadopoulos and colleagues [12] as well as a study by 
Fukuda and Sugano [5] with treadmill exercised male rats. A 
relationship between the degree of training and the extent to 
which plasma cholesterol is lowered has been demonstrated 
[12]. Thus, this lack of reduction seen in our female runners 
may be related to the degree of training attained during the 12 
day exercise period. This hypothesis may account for the 
observed reduction in insulin and glucose values in male 
runners but not in females. 

The body weight response of the males to the exercise 
program requires further experimentation. It is unclear as to 
why the males lost weight at the onset of the learning pro- 
gram; a time when additional energy expenditure was low. 
Possible explanations regarding the body weight sex differ- 
ence during the exercise period include; increased energy 
output in the larger animals, also, anatomical difficulties in 
running on a treadmill, hyperthermia, and differential effects 
of exercise on spontaneous activity. 
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MAGGIO, C. A. AND H. S. KOOPMANS. Food intake after intragastric meals of short-, medium-, or lor 
triglyceride. PHYSIOL. BEHAV. 28(5) 921-926, 1982.—Food-deprived Sprague-Dawley rats were given equicaloric 
intragastric infusions of mixed meals consisting largely of short- (SCT), medium- (MCT), or long-chain triglyceride (LCT) 
When animals were allowed to feed 20 min after infusion, there was an immediate reduction of food intake that was 
sustained over the 2 hr feeding period. During the first hour of feeding, the SCT, which is digested and absorbed more 
rapidly than the MCT or the LCT, was more effective per calorie in reducing food intake than these longer-chain triglycer 
ides. However, during the second hour, cumulative intakes after the different triglyceride infusions were not significantly 
different. Equicaloric infusions of the MCT and the LCT resulted in equivalent reductions of food intake at all times. The 
satiety effects of these two triglycerides appear to be related to their caloric properties rather than to chain length. Since the 
LCT reduced food intake before the absorbed fat could have entered the blood to stimulate satiety signals, this satiety 
effect may be mediated by a gastroenteric signal. None of the triglyceride infusions resulted in a conditioned taste aversion 


suggesting that food intake was reduced through normal satiety rather than through discomfort. 


Satiety Triglycerides Short-term food intake 


Conditioned taste aversion 


ESOPHAGEAL fistula studies [10, 12, 22] have shown that 
signals arising in the mouth and throat do not inhibit short- 
term food intake. Therefore, the satiation of food intake is 
thought to result from signals initiated by the presence of 
nutrients within the gastrointestinal tract [14, 24, 27] and/or 
signals associated with the absorption of nutrients into the 
bloodstream or their utilization [7, 19, 21, 29]. Since satiety 
may arise rapidly following the direct instillation of nutrients 
into the gut [15], there may exist a gastroenteric receptor 
system that responds to some property of nutrients for the 
purpose of signalling the satiating effectiveness of meals. 
The characteristics of this receptor system can be examined 
by ‘determining food intake after administration of simple 
nutrients that vary in their physical, chemical or metabolic 
properties. Previous studies of hunger satiation have indi- 
cated that nutrients, when administered in normal amounts, 
do not reduce feeding through bulk or osmotic properties 
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[15, 28, 31]. Instead, nutrients introduced into the gastroin- 
testinal tract may affect feeding through a chemical property 
which may be related to caloric value [3, 11, 20, 25]. 
Triglycerides, which are the principal source of dietary 
fat, are especially relevant to the study of satiety because 
differences in their chain length are associated with differ- 
ences in their routes of intestinal absorption and transport. 
Triglycerides are absorbed from the intestine via the portal 
blood or via the lymph according to fatty acid chain length 
[2,13]. Short-chain triglycerides (SCT’s) contain fatty acids 
with two to six carbons and are transported during absorp- 
tion as free fatty acids in the portal blood [13]. Long-chain 
triglycerides (LCT’s) contain fatty acids with 14 or more 
carbons and are transported almost exclusively in the lymph 
[2] and, in the rat, enter the bloodstream at least 35—45 min- 
utes after intraduodenal infusion [4]. Medium-chain triglyc- 
erides (MCT’s) are composed of fatty acids with 8-12 car- 
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bons and are absorbed via both the portal and lymphatic 
routes [9,13]. In the rat, the point of transition to lymph as 
the major route of transport occurs as chain length increases 
from 12 to 14 carbons [13]. 

In the present experiment, feeding behavior was exam- 
ined after intragastric infusions of mixed meals containing 
triglycerides with different chain length in an effort to clarify 
the origin and nature of the signals that terminate short-term 
food intake. Alterations of feeding behavior following the 
different infusions may be related to differences in route of 
absorption of component triglycerides. The satiating effects 
of short-chain and most medium-chain triglycerides may 
arise either in the gut or in the tissues that sense nutrients in 
the blood. However, any satiating effects of LCT’s prior to 
their entry into the blood must depend upon signals arising in 
the gut. Therefore, food intake following infusions was 
monitored at intervals over a two-hour period so that both 
pre- and postabsorptive influences of the triglycerides could 
be observed. 


EXPERIMENT | 


METHOD 


Fifteen male Sprague-Dawley rats (Charles River), weigh- 
ing 200-250 g, were implanted under ether anesthesia with 
chronic subcutaneous gastric tubes constructed from 
silicone rubber tubing (0.040 inches i.d. by 0.085 inches o.d., 
Silastic Medical Grade Tubing, Dow Corning, Midland, MI), 
according to a previously described method [15]. The 
animals were given access from 1900 to 0900 to Nutrament 
(Mead Johnson Nutritionals, Evansville, IN), a nutritionally 
complete liquid diet which contains 53% carbohydrate, 26% 
protein and 21% fat as calories and has a caloric density of 
approximately | kcal/ml. Water was available ad lib. Infu- 
sions were administered at approxmately 1830, after nine 
and one half hours food deprivation. Lights went on at 0900 
and off at 2100. 

Triglycerides were administered in stable emulsions pre- 
pared by sonicating triglyceride oil in a solution of distilled 
water and Pluronic F-68 (BASF Wyandotte Chemical Corp, 
Wyandotte, MI; 1.66 g Pluronic/50 ml emulsion). Pluronic 
F-68 is a non-toxic hydrophilic surface-active agent that does 
not influence food intake or fat digestion and absorption in 
rats in doses much higher than that used in the present study 
[5]. 

Triglyceride infusions were prepared to resemble high fat 
meals and contained 70% triglyceride and 30% carbohydrate 
and protein, by weight. Carbohydrate and protein were de- 
rived from a solution of glucose, casein hydrolysate and 
Casamino acids (Difco Laboratories, Detroit, MI; 3.6 g glu- 
cose and 1.8 g casein hydrolysate and Casamino acids/40 ml 
water). All triglyceride infusions were 8 ml in volume and 
contained 1.64 ml (1.0 kcal) of this glucose and protein solu- 
tion. Infusions were implemented with a Harvard Apparatus 
infusion pump (Model 975; Natick, MA) at the rate of 1.6 
ml/min, which approximates the rate at which a rat normally 
ingests a liquid diet. Twenty minutes after infusion was 
complete, the animals were given access to the liquid diet in 
a calibrated buret and food intake was recorded to the 
nearest 0.1 ml for the next 120 min. 

There were five triglyceride infusions: 158.2 mM tributy- 
rin, the SCT; 75 mM and 158.2 mM tricaprylin, the MCT; 
and 35.6 mM and 75 mM triolein, the LCT. On the basis of 
caloric values determined in an Oxygen Bomb Calorimeter 
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(Parr Instruments, Moline, IL), the different triglycerides 
were administered in approximately equicaloric concentra- 
tions. The first set of equicaloric infusions included 158.2 
mM tributyrin (3.4 kcal), 75 mM tricaprylin (3.3 kcal), and 
35.6 mM triolein (3.3 kcal). The second set of equicaloric 
infusions included 158.2 mM tricaprylin (5.8 kcal) and 75 mM 
triolein (5.9 kcal). 

The satiating effectiveness of the chemical breakdown 
products of triglycerides was also tested. In one infusion, a 
mixture of 225 mM oleic acid and 75 mM glycerol, which is 
calorically equivalent to 75 mM triolein, was administered. 
In another infusion, a mixture of 225 mM caprylic acid and 
75 mM glycerol, which is calorically equivalent to 75 mM 
tricaprylin, was used. 

Several control conditions assessed the inhibitory effects 
of non-triglyceride components of the infusions. The sham- 
load tested the effect of psychological aspects of the infusion 
procedure. In the distilled water condition, 8 ml distilled 
water was infused to evaluate the effect of temporary gas- 
trointestinal distension. The condition designated ‘‘control”’ 
examined the satiating effect of the carbohydrate and protein 
solution and the emulsifying agent contained in the triglycer- 
ide infusions and, like these infusions, contained 1.0 kcal of 
glucose and protein. The fluorocarbon condition tested 
non-nutritive bulk in combination with the carbohydrate and 
protein solution and the emulsifier. Fluorocarbon FC-47 
provided a suitable bulk control for triglyceride because it is 
nontoxic, nonabsorbable, and immisable with water (3M 
Company). The fluorocarbon infusion contained 1.0 ml of 
emulsified fluorocarbon liquid which was equal to the vol- 
ume of triglyceride emulsion contained in the infusions. 

The effects of the non-fat nutrients were also examined. 
In the glucose infusion, a 1 M glucose solution which con- 
tained 5.9 kcal was administered. In the glucose and protein 
infusion, which also contained 5.9 kcal, 8 ml of the glucose 
and protein solution was administered. 

The citrate infusions examined the effect of alterations in 
gastrointestinal pH on food intake. Citric acid was adminis- 
tered in the concentration of 150 mM; this infusion had 
pH=2.1. The buffer trisodium citrate was also administered 
in the concentration of 150 mM and had pH=8.5. 

Infusions of 8 ml of Nutrament, the liquid diet the animals 
were fed, and 8 ml of 0.02 M lithium chloride (LiCl) were 
included so that the causes of reduced food intake could later 
be assessed with a conditioned taste aversion test as previ- 
ously done in this laboratory [18]. 

The different infusions were administered according to a 
Latin Square design on alternate nights. On the other nights, 
animals were given distilled water infusions or were sham- 
loaded. 

Cumulative food intake at 10, 30, 60, 90 and 120 minutes 
was analyzed by one-way analysis of variance with repeated 
measures and post-hoc comparisons between treatment 
means [30]. 


RESULTS 


There were significant treatment effects on cumulative 
food intake at all times over the 2-hr feeding period, all 
F’s(16,254)=7.6, p<0.001. However, food intake after the 
distilled water, control and fluorocarbon infusions was not 
significantly different from food intake after the sham-load 
(p>0.05 at all times) (Fig. 1). This implies that the non- 
triglyceride components of the infusions tested in these con- 
trol conditions, by themselves, had neglible effects on food 
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FIG. 1. Mean cumulative food intake after intragastric infusions of 
mixed meals containing the SCT tributyrin, the MCT tricaprylin or 
the LCT triolein. 


intake. Therefore any effects of the experimental infusions 
on food intake must largely be attributable to the actions of 
the triglycerides. 

Compared to the control infusion, triglyceride infusions 
significantly reduced food intake within the first 10 min of 
feeding (p<0.01 for all comparisons except control vs 35.6 


mM triolein and 75 mM tricaprylin) (Fig. 1). This reduction 
of food intake was sustained throughout the 2-hr interval 
(p <0.05 or better at 30-120 min, except 35.6 mM triolein and 
75 mM tricaprylin at 30 and 120 min). Food intake was re- 
duced in a dose-dependent manner: 75 mM triolein was sig- 
nificantly more effective in reducing food intake than 35.6 
mM triolein (p<0.01) and 158.2 mM tricaprylin was signifi- 
cantly more effective than 75 mM tricaprylin during the first 
30 min (p<0.05). 

The different triglycerides were infused in equicaloric 
concentrations to assess the effects of fatty acid chain length 
and calories on food intake. The shift of chain length from 
medium to long did not differentially affect food intake when 
the infusions were equicaloric. The effects of 75 mM triolein 
(5.9 kcal) were not significantly different from those of 158.2 
mM tricaprylin (5.8 kcal) at any time (p>0.05). At the lower 
concentration (3.3 kcal), the effects of the 35.6 mM triolein 
and 75 mM tricaprylin infusions were also not significantly 
different (p >0.05). However, the 158.2 mM tributyrin infu- 
sion (3.4 kcal) caused a significantly greater reduction of 
food intake during the first hour than equicaloric infusions of 
tricaprylin or triolein (p<0.05 or better at 10-60 min). Fur- 
thermore, food intake following the tributyrin infusion was 
not significantly different from food intake following the 
higher concentration infusions of the other triglycerides 
(p >0.05 except tributyrin versus triolein at 90 and 120 min). 
Thus, it appeared that SCT tributyrin was more effective per 
calorie in reducing food intake than the longer chain triglyc- 
erides. 

Infusions of the chemical breakdown products of MCT 
and LCT reduced food intake as effectively as infusions of 
the equivalent triglycerides (Fig. 2). Thus, food intake after 
the 225 mM caprylic acid—75 mM glycerol infusion was not 
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FIG. 2. Mean cumulative food intake after intragastric infusions of 
mixed meals containing the chemical breakdown products of tricap- 
rylin or triolein or infusions of glucose or glucose and protein. 


significantly different from food intake after the 75 mM 
tricaprylin infusion (p >0.05 at all times) and food intake after 
the 225 mM oleic acid—75 mM glycerol infusion was not 
significantly different from food intake after the 75 mM trio- 
lein infusion (p>0.05 at all times). This suggests that 
intraluminal digestion was not rate-limiting to the inhibitory 
effects of the triglycerides. 

Figure 2 shows that the 1 M glucose infusion and the 
glucose and protein infusion, which each contained 5.9 kcal, 
significantly reduced food intake throughout the 2-hr interval 
relative to the distilled water infusion (p<0.01 at all times). 
Moreover, the glucose and protein infusion had a signifi- 
cantly larger inhibitory effect on food intake than the control 
infusion which consisted of a more dilute solution (1 Kcal) of 
the same nutrients (p<0.05 or better at all times). The effects 
of the 1 M glucose and the glucose and protein infusions 
were not significantly different (p >0.05 at all times). In addi- 
tion, these infusions were as effectively satiating as the 75 
mM triolein infusion which also contained 5.9 kcal (p >0.05 
at 10-60 min for glucose vs triolein; p>0.05 for glucose and 
protein vs triolein at 10-120 min). 

Food intake after citric acid infusion was not significantly 
different from food intake after trisodium citrate infusion 
(p >0.05 at all times) (Fig. 3). These infusions resulted in an 
unusual feeding pattern: initial food intake after either infu- 
sion was not significantly different from food intake after 
distilled water infusion (p>0.05 at 10 min) and subsequent 
food intake was almost completely inhibited for the remain- 
der of the 2 hr interval (p<0.05 at 30-120 min). These data 
thus show that the change of the pH of the infused solution 
from 2.1 to 8.5 had no effect on the size of the first meal. 

Infusion of 0.02 M LiCl had no significant effect on food 
intake compared to water infusion (p >0.05 at all times) (Fig. 
3). Infusion of 8 ml Nutrament significantly reduced food 
intake throughout the 2-hr interval compared to water infu- 
sion (p<0.01 at all times). It should be noted that the pattern 
of food intake obtained after 75 mM triolein infusion was 
similar to the pattern of food intake obtained after Nutra- 
ment infusion. 
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FIG. 3. Mean cumulative food intake after intragastric infusions of 
trisodium citrate, citric acid, LiCl or Nutrament. 


EXPERIMENT 2 


Experiment | showed that intragastric infusions consist- 
ing largely of triglyceride affected food intake in the same 
manner as infusions of a readily ingested liquid diet. By it- 
self, this finding does not demonstrate that the triglyceride 
infusions affected feeding through the normal physiological 
process of satiety since normal satiety may occur only when 
there is a complex mixture of nutrients within the GI tract. 
The triglyceride infusions, which consisted largely of one 
nutrient, may be considered unbalanced compared to normal 
meals. In addition, triglycerides do not usually constitute a 
large part of the rat’s diet and may thus provide an unusual 
stimulus to the GI tract. Since triglyceride was, by itself, 
responsible for a large reduction of food intake, it is neces- 
sary to show through an independent behavioral test that 
triglyceride infusions do not cause discomfort or make 
animals ill. 

In the present experiment, a test for conditioned taste 
aversion was used to assess the acceptability of the tributy- 
rin, tricaprylin and triolein infusions. A new procedure was 
used that tests for conditioned taste aversion by assessing 
preference for food pellets of one flavor that have been 
paired with infusion of the test substance as compared to 
preference for food pellets of another flavor that have been 
paired with infusion of distilled water [15,18]. This procedure 
was designed to overcome several of the difficulties associ- 
ated with the usual taste aversion procedures and it has been 
shown to be sensitive enough to detect the presence of taste 
aversion with a concentration of LiCl too low to affect feed- 
ing behavior. 


METHOD 


Twenty male Sprague-Dawley rats (Charles River), 
weighing 200-250 g, were implanted with chronic gastric 
tubes as in Experiment 1. The animals were given access to 
Purina Laboratory Chow between 1400 and 1700. Water was 
available ad lib. 

Three triglyceride infusions were tested: 75 mM triolein, 
158.2 mM tricaprylin, and 158.2 mM tributyrin. The 0.02 M 
LiCl and Nutrament infusions were also tested. 

Flavor stimuli were 45 mg food pellets flavored with 
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banana or pinaeapple extract (P.H. Noyes Co., Lancaster, 
NH). Testing showed that these pellets are different in flavor 
and odor and equally acceptable to the rat. For the experi- 
menter’s convenience, the banana-flavored pellets were 
tinted yellow and the pineapple-flavored pellets were tinted 
brown. 

Animals were randomly assigned to the five infusion 
treatments so that each treatment group contained four 
animals. To control for flavor preference, the flavor paired 
with the treatment infusion was assigned so that half the 
animals in a group had banana pellets paired with the treat- 
ment infusion and the other half had pineapple pellets paired 
with the treatment infusion. To control for flavor neophobia, 
the flavor presented on the first training day was assigned in 
the same manner. On the first training day, half the animals 
within a group were given control infusions of distilled water 
and half were given the treatment infusion. 

Training and testing were conducted in a clear Plexiglas 
cylindrical cage that measured 45 cm in height and 25 cm in 
diameter. Within the cage stood a white aluminum circular 
platform (16 cm i.d. x 25 cm o.d., 7 cm in height) upon which 
the food pellets were placed. The rat was able to move freely 
about the platform to sample the pellets. The back and sides of 
the cage were surrounded by a black wooden case to prevent 
visual distraction of the rat. 

Animals were trained and tested between 1000 and 1200. In 
the first stage of the procedure, animals were trained to in- 
gest unflavored 45 mg food pellets (Formula K pellets, P.H. 
Noyes Co.) in the experimental cage. Subsequent experi- 
mental training and testing were conducted in six three-day 
cycles. On day 1 of a cycle, animals were given access for 5 
min to 24 pellets of one flavor. Immediately after the pellets 
were ingested, the animals were given an 8 ml intragastric 
infusion of either the treatment infusion or distilled water. 
On day 2, animals were given access to 24 pellets of the other 
flavor and, after the pellets were ingested, were given the 
other infusion. Infusion was contingent upon ingestion of at 
least eight pellets within 5 minutes. When less than eight 
pellets were ingested, the animal was removed from the 
apparatus and the same flavor-infusion pairing was repeated 
the next day. On day 3, a choice test was conducted. Twelve 
pellets of each flavor were randomly placed about the plat- 
form and the animals were allowed to select and ingest 10 
pellets. Choice behavior was determined by counting the 
number of pellets of each flavor that remained and the 
animals were infused with a mixture of the treatment infu- 
sion and distilled water in proportion to the choice behavior 
just expressed. This infusion was given to prevent extinction 
of previous learning. In a choice test, the animals had to 
consume at least six pellets within 5 minutes. When less than 
six pellets were consumed, the animal was removed from the 
apparatus and the test repeated the following day. 

Preference was defined as the ratio of the number of pel- 
lets eaten of the flavor paired with treatment to the total 
number of pellets eaten, multiplied by 100. Preference be- 
havior of the five treatment groups was analyzed by [-tests, 
one-way analysis of variance, and post-hoc comparisons 
among the treatment means[30]. 


RESULTS 


The choice behavior of the 0.02 M LiCl and the Nutra- 
ment groups was strikingly different (Fig. 4). Infusion of LiCl 
led to development of a conditioned taste aversion. By the 
fifth choice test, the animals were completely rejecting pel- 
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FIG. 4. Mean percent preference, over six choice tests, for the pellet 
flavor paired with infusion of LiCl, Nutrament, or triglyceride. 


lets paired with that infusion. Infusion of Nutrament, on the 
other hand, led to development of neither conditioned aver- 
sion nor conditioned preference. 

In the triglyceride groups, mean percent preference for the 
flavor paired with infusion was generally not different from 
50% over the six choice tests (p >0.05, t-tests). However, in 
the tricaprylin group, some tendency toward rejection of the 
pellet flavor paired with infusion was detected on the second 
and fourth choice tests (p<0.05). This tendency toward 
conditioned taste aversion was not sustained in subsequent 
choice tests. 

One-way analysis of variance showed that there were no 
significant differences in the choice behavior of the five 
groups on the first choice test, F(4,15)=0.05, p>0.05. On 
subsequent choice tests, however, there were significant 
differences among treatment groups, all F’s(4,15)=4.49, 
p=0.01. Newman-Keuls tests showed that the choice behav- 
ior of the triglyceride groups was significantly different from 
the choice behavior of the LiCl group (p<0.05 or better for 
all comparisons except tricaprylin vs LiCl, second choice 
test). However, the choice behavior of the triglyceride 
groups was not significantly different from the choice behav- 
ior of the Nutrament group (p >0.05 for all comparisons ex- 
cept tricaprylin vs Nutrament, second choice test, and trio- 
lein vs Nutrament, sixth choice test). Thus, there appeared 
to be a brief avoidance during the second test of the flavored 
pellets associated with the tricaprylin infusion, but this 
aversion was not sustained in subsequent choice tests. The 
tricaprylin infusion may have caused temporary avoidance 
because of its novelty as a dietary component. 


GENERAL DISCUSSION 


The present experiment represents a first systematic in- 
vestigation of the effects of triglycerides of different chain 
length on short-term feeding behavior. Intragastric infu- 
sions of mixed meals containing a representative short-, 
medium-, or long-chain triglyceride resulted in immediate 
reduction of food intake when food-deprived rats were al- 
lowed to feed 20 min after infusion. Food intake remained 
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reduced throughout a 2 hr feeding period. This reduction of 
food intake was largely attributable to the triglycerides 
themselves since administration of non-triglyceride con- 
stituents of the infusions did not affect food intake. Feeding 
behavior was reduced through the caloric properties of the 
triglycerides rather than through their bulk properties since 
fluorocarbon, the control for non-absorbable triglyceride- 
like bulk, had no significant effect on feeding. Moreover, 
triglyceride infusions affected food intake in the same man- 
ner as infusions of other nutrients such as glucose and a 
complete liquid diet. 

The present results confirm and extend those of previous 
studies [3, 8, 17, 25] that have shown that intragastric loads 
of LCT’s effectively reduce short-term food intake. How- 
ever, the present finding that infusion of LCT reduced feed- 
ing as effectively as infusion of glucose during the first hour 
of feeding contrasts with earlier reports [3,25] that glucose 
loads immediately inhibit food intake while fat loads inhibit 
food intake only after one to several hours. Procedural 
differences involving the deprivation condition of the 
animals, the route of nutrient administration, and the form in 
which the nutrients were administered undoubtedly underlie 
these conflicting findings. For example, it is well known that 
the nutritive state of the animal may influence the outcome 
of nutrient loading studies [24]. 

A sensitive behavioral test showed that infusion of the 
different triglycerides, like infusion of the complete liquid 
diet the animals were fed, did not result in conditioned taste 
aversion to flavored pellets that had been paired with these 
infusions. In contrast, the test showed that infusion of 0.02 
M LiCl, which did not significantly affect food intake, re- 
sulted in clear conditioned taste aversion. The results of the 
behavioral test indicate that the triglyceride infusions did not 
produce discomfort or malaise. Thus, it appears likely that 
the triglyceride infusions affected food intake through stimu- 
lation of normal satiety. 

Equicaloric infusions of tricaprylin and triolein were 
equally satiating despite differences in chain length. Food 
intake after these infusions thus appeared to be related to the 
number of calories infused rather than to any chemospecific 
properties associated with chain length. In addition, infu- 
sions of glucose and a mixture of glucose and protein that 
were equicaloric to the triolein infusion were as effectively 
satiating as the fat infusions. The equal satiating effective- 
ness of these different nutrients is striking when the large 
differences in their individual chemical properties is consid- 
ered. These findings, which are consistent with earlier re- 
ports [3, 11, 20, 25] of the equal satiating effectiveness of 
equicaloric loads of different nutrients, show that satiety 
may be related more to the number of calories administered 
than to the nature of the specific nutrients supplying those 
calories and suggest that there could exist receptor systems 
for satiety which are activated by some energy-related prop- 
erty of ingested nutrients. 

In contrast to the effects of tricaprylin and triolein, the 
effect of tributyrin, the SCT, could not easily be related to 
the number of calories administered. Tributyrin was more 
effective per calorie in reducing food intake than the longer 
chain triglycerides, especially during the first hour of feed- 
ing. Perhaps, the satiety effect of tributyrin is mediated by a 
chemospecific mechanism that is responsive to some prop- 
erty of the tributyrin molecule or to some property of SCT 
molecules in general. Short-chain triglycerides are digested 
and absorbed more rapidly than triglycerides of longer chain 
length [6]. This suggests that SCT’s could interact more 
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rapidly with satiety receptors in the gut or in the blood. It 
should be noted, however, that SCT’s are not commonly 
found in most animal’s diets although small amounts of 
tributyrin are found in butter and other dairy fats [26]. In 
ruminants, large amounts of short-chain fatty acids are 
produced by the bacterial digestion of plant foods and are 
absorbed from the rumen into the bloodstream [1]. These 
fatty acids comprise 75% of the absorbed nutrients in the 
ruminant without causing any metabolic difficulties. Because 
short-chain fats are less common nutrients for the rat [16], it 
could be argued that these fats inhibit food intake through 
malaise. However, the taste aversion test indicates that 
tributyrin reduces food intake without producing an obvious 
malaise. Further experiments are now in progress to clarify 
the mechanism whereby SCT’s influence food intake. 
Despite differences in route of intestinal absorption, the 
LCT was as effectively satiating throughout the feeding 
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interval as the MCT. Unlike MCT’s which are absorbed 
rapidly and directly into the portal blood [9,13], it is unlikely 
that LCT’s were present in the bloodstream when satiation 
occurred. Long-chain triglycerides are transported in the 
lymph and only appear in the bloodstream 35-45 minutes 
after delivery to the intestine [4]. The satiety effects of 
LCT’s could have been mediated by a signal generated by 
their presence within the GI tract. The present findings with 
LCT’s thus argue against the importance of absorbed nutri- 
ents in the bloodstream as a source of satiety signals but 
suggest instead that nutrients may generate satiety signals 
within the GI tract. A gastroenteric satiety signal could arise 
when receptor systems within the gut are activated by some 
energy-related property of ingested LCT’s. This signal, 
which is neural or hormonal in nature, is relayed to an inte- 
gration center in the CNS that is involved with the regulation 
of feeding [23]. 
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SILVER, W. L. AND MOULTON, D. G. Chemosensitivity of rat nasal trigeminal receptors. PHYSIOL. BEHAV. 28(5) 
927-931, 1982.—Electrophysiological responses to odorants delivered via an air diultion olfactometer were recorded from 
the ethmoid branch of the trigeminal nerve innervating the nasal cavity. Thresholds were obtained for nine compounds with 
those for heptanol (21-137 ppm) and propionic acid (39-49) ppm consistently being the lowest. Not all ordorants e.g., 
phenethyl alcohol, elicited responses in all rats even at vapor saturation. A striking degree of correlation was present 
between the rat whole-nerve electrophysiological response magnitudes of this study and the human anosmic intensity 
ratings established in the work of Doty et al. [9] to vapor saturated stimuli. These results suggest that the rat is an excellent 
model for assessing the stimulatory effectiveness of odorants on human trigeminal receptors. The possible role of the 
trigeminal system in the perception of odors as well as the physiological effects of odorants due to trigeminal stimulation are 


discussed. 


Trigeminal nerve Ethmoid nerve 


IN most terrestrial vertebrates there are primarily three re- 
ceptor systems which are responsive to intranasal chemical 
stimulation: the olfactory system, the vomeronasal system, 
and the trigeminal system [25,26]. Olfactory and vom- 
eronasal receptor cells are located in discrete areas of sen- 
sory epithelium in the nasal cavity and make their first 
synapse in the olfactory and accessory bulbs, respectively. 
The trigeminal cell bodies are situated in the trigeminal (Gas- 
serian) ganglion and send free nerve endings throughout the 
respiratory epithelium of the nose [4,26] and possibly to the 
olfactory epithelium [11,15]. 

The trigeminal system, a major afferent system of the 
brainstem of all vertebrates, is usually considered as a pri- 
mary mediator of the sensations of pain, touch, temperature, 
and proprioception. It is also well known that volatile chemi- 
cals, many with odors, can stimulate the intranasal branches 
of this system. Parker [20] in early classic work, considered 
the trigeminal nerve as part of the ‘‘common chemical 
sense,’ whose major role is to detect noxious chemicals. 
Several studies support this contention and indicate that 
many noxious volatiles lead reflexly to increased nasal 
mucus secretion, modification of breathing patterns, and al- 
teration of nasal patency [1, 2, 26, 27]. In addition, there is 
growing evidence that many of the effects of odorants on 
other physiological functions, such as cardiovascular and 
hormonal, are due primarily to intranasal trigeminal stimula- 
tion [13, 17, 18]. 

Previous electrophysiological studies on turtles, rabbits, 
and guinea pigs have suggested that trigeminal free nerve 
endings in the nose are more sensitive than once thought and 
that some odorants, such as phenethyl alcohol and pepper- 
mint, may be more effective in stimulating trigeminal recep- 


Chemosensitivity 


Odorant 


tors than olfactory receptors [12, 24, 25, 26]. Unfortunately, 
thresholds for these odorants are not given in these reports. 
Trigeminal thresholds of approximately 170 ppm have been 
reported for amyl acetate in the turtle and rabbit [25] and 
0.25 ppm, 5.0 ppm, and 0.3 ppm for formaldehyde, ozone, 
and amyl alcohol, respectively, in the rat [16]. 

Many odorants can stimulate trigeminal receptors in the 
nasal cavity [8, 9, 12, 16, 25, 26], possibly at low, non- 
irritating concentrations [ 6]. However, only rarely are 
possible trigeminal contributions considered in studies of ol- 
factory perception. Therefore, it is of interest to examine the 
chemosensitivity of intranasal trigeminal receptors to a 
number of different odorants. The purpose of the present 
study was to examine the characteristics of nasal trigeminal 
chemoreceptors in the rat and to determine their sensitivity 
to a variety of odorants in an effort to shed light on the 
contribution of the trigeminal system to the perception of 
odors, as well as the possible effects of odorants on physi- 
ological function. 


METHOD 
Surgical Preparation 


Fifteen male Sprague-Dawley rats, purchased from Ace 
Animals and weighing 300-350 grams, were used in this 
study. The animals were anesthetized with Urethane (2.5 
gram/kilogram) and tracheotomized. A cannula was inserted 
into the caudal end of the severed trachea to allow the rat to 
breathe room air. Another cannula was inserted into the ros- 
tral end of the severed trachea up to the nasopharynx and 
connected through a flowmeter to a vacuum line. This per- 
mitted clean air or a test stimulus to be drawn through the 
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FIG. 1. Integrated multiunit rat ethmoid nerve responses to different 
concentrations of amyl acetate. V denotes the turning on and off of 
the vacuum through the nose. S denotes the stimulus presentation. 
Concentration is given in % vapor saturation at 20°C. 


nasal cavity. The rat was placed in a head holder which 
allowed the rotation of the head and its movement up and 
down. A portion of the skin overlying the parasagittal ridge 
of the frontal bone was removed on one side and the contents 
of the orbit retracted by means of hooks inserted into the 
tissue forming a cavity. The ethmoid branch of the trigeminal 
was then exposed for several millimeters distal to its fora- 
men, cut, freed from the surrounding tissue, and gently 
stripped of its connective sheath. 


Electrophysiological Recording 


Electrical activity from the ethmoid nerve was recorded 
differentially by placing the whole nerve, or portions of it, on 
a pair of platinum-irridium wire electrodes. The electrode at 
the cut end served as the indifferent lead and the animal was 
grounded through the head holder. Mineral oil was pipetted 
into the cavity and covered the nerve, preventing the nerve 
from drying out and ensuring electrical insulation. The mul- 
tiunit activity was amplified with a Grass P5111 AC 
preamplifier and monitored with a Tektronix 5113 dual beam 
oscilloscope and Grass AMS audiomonitor. The amplified 
activity was also passed through a leaky integrator (cf. [3,14]) 
and displayed on a Gould 2200 pen recorder. The integrator 
consisted of a full wave rectifier followed by two resistance- 
capacitance (RC) sections in the integrating configuration. 
The time constant of the system was 1.0 second. The output 
of the integrator is a representation of the moving average of 
nerve impulse traffic. 


Stimulus Production and Delivery 


Stimuli at 20°C were presented via an air dilution olfac- 
tometer (cf. [19]). An airstream of saturated odorant, flow- 
ing at a known rate, was mixed with a dilution stream of 
filtered air and delivered to the external naris at a flow rate of 
2 liters/minute. Dilution was controlled by flowmeters which 
regulated the ratio of flow between odor-saturated and dilu- 
tion streams. Battery powered miniature solenoids were 
used to switch from the filtered background airstream to the 
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FIG. 2. Averaged amyl acetate response-concentration curve taken 
from seven rats. Responses were standardized to the response to 
5,192 ppm (10°% of vapor saturation) amyl acetate. Bars denote S.D. 
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FIG. 3. Response-concentration curves obtained from one rat for 
eight of the nine odorants used in the study. 


odorant stimulus. A stream of air with a flow rate of | li- 
ter/minute could be drawn through the rat’s nose via the 
nasopharyngeal cannula attached to the vacuum. For 
stimulus presentation, the vacuum was turned on for 30 sec- 
onds in the middle of which the odor was delivered for ten 
seconds. Odorants (see Table 1) were chosen from those 
used in the study by Doty et al. [9] on human nasal trigeminal 
chemoreception. The odorants were also chosen to represent 
those commonly used in olfactory research. 


RESULTS 


Some background neural activity was observed when 
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TABLE | 
ODORANT THRESHOLDS FOR RAT TRIGEMINAL NERVE 





Amy] Acetate Benzyl! Acetate Butanol Cyclohexanone Heptanol 


Yo Vapor 
saturation 
(10-*) 


% vapor 
saturation 


% vapor 
saturation 


% vapor 
saturation 


% vapor 
saturation 


(10-*) ppm (10-*) 


ppm (107*) ppm 


(10-*) ppm 





3 -1.12 
3 -1.12 
3 -1.12 
.12-1.10 
.12-1.10 
.12-1.10 
.12-1.10 


260-394 j. 0.6-0.3 66-132 
260-394 m. 0.6-0.3 66-132 
260-394 h. 0.3-0.15 132-186 
394-519 i. 0* 262* 
394-519 1. 0* 262* 
394-519 o. 0* 262* 
394-519 


1.12-1 

0.9 -0.6 
. 0.9 -0.6 
112-224 . 0.9 -0.6 
112-224 0.9 -0.6 
112-224 0.6 —0.3 


112-224 


j. 2.0-+1. 
. 2.0+1. 
. 2.041. 

1.6-1.: 
1.6-1.: 
1.6-1.: 
16-1. 


164-328 
164-328 
164-328 
164-328 
328-499 
328-499 
328-499 


45-112 j. 
45-112 
45-112 





Linalool Phenethy! Alcohol 


% vapor 
saturation 
(10-*) ppm 


% vapor 
saturation 
(10-*) ppm 


Propionic Acid 


% vapor 
saturation 
(10-*) 


a-Terpineol 


% vapor 
saturation 
(10-*) ppm 





j. 0.90-0.6 
. 0.30-0.15 


28— 35 
35— 70 


1.0-0.9 
. 0.9-0.6 
. 0.9-0.6 
. 0.6-0.3 


. 0.3-0.15 140-198 so 97* 


12-24 h. 2.0-1.6 
48-73 i. 2.0-1.6 n. 0.6 -0.3 
35— 70 i 97* j. 2.0-1.6 l. 
70-140 or » ! dp l. 2.0-1.6 m 
. 2.0-1.6 151* 


j. 1.0-0.9 15- 19 
38- 76 
107-151 
107-151 


1.15—0 
1.15-0 


es 279*  — n. 2.0-1.6 ; ' 151* 


151* 
151* 





*No response elicited even with saturated vapor. 
*Letters indicate the rat tested. 
tAt 20°C. 


only clean air was delivered to the naris. This conceivably 
represented mechanical, thermal, chemical, or other types of 
stimulation, although obvious mechanical stimulation of the 
nose by touching the naris with a probe elicited action po- 
tentials of much greater amplitude. In addition, turning on 
the vacuum usually produced an increase in activity. High 
concentrations of stimulatory odorants elicited responses 
with an inital phasic component which was followed by a 
decline to a steady state tonic level. Low concentrations of 
some stimulatory odorants led to a gradual increase in activ- 
ity for as long as the stimulus was on. Responses at all con- 
centrations rapidly returned to baseline levels after removal 
of the stimulus. 

Response magnitude increased with increasing stimulus 
concentration. In some cases for some odorants (e.g., 
butanol) there was often a decrease in response magnitude at 
high concentrations. Stimuli were presented in an ascending 
concentration series and threshold was defined as the range 
between the concentration which first produced a response 
distinguishable from baseline and the preceding concentra- 
tion. For example, threshold for the amyl acetate concentra- 
tion series in Fig. 1 is between 260 ppm (10°'*% of vapor 
saturation) and 394 ppm (10°':"°% of vapor saturation). Fig- 
ure 2 shows a response-concentration curve which was aver- 
aged from seven curves taken from seven different animals. 
Figure 3 was obtained from one rat and shows response- 
concentration curves for eight of the nine stimuli used in this 
study. For this animal the lowest trigeminal threshold was to 


heptanol and the highest to butanol. Thresholds for all nine 
stimuli, determined from all animals are presented in Table 
1. Some odorants, most notably phenethy! alcohol and a-ter- 
pineol did not elicit responses in all animals even at vapor 
saturation (see Table 1). 


DISCUSSION 


It has long been known that odorants can stimulate trigemi- 
nal free nerve endings [26]. Rarely, however, have attempts 
been made to eliminate possible trigeminal components of 
odor detection in studies dealing with olfactory perception. 
Since it is generally thought that trigeminal receptors are 
stimulated by high concentrations of irritating odorants, 
many investigators have used low concentrations in their 
experiments and assumed that only olfactory receptors were 
stimulated. However, there is evidence, both elec- 
trophysiological [24, 25, 26] and psychophysical [5] that 
suggests that low concentrations of odorants which might be 
non-irritating may also stimulate trigeminal receptors. 

Trigeminal stimulation may contribute to odor perception 
in three ways: (1) by modifying respiration, nasal secretion, 
and nasal patency [1, 2, 26, 27], (2) by modulating olfactory 
bulb activity via centrifugal fibers [21, 22, 23], and (3) by 
simply combining with olfactory stimulation to produce an 
overall sensation [5, 6, 7]. Therefore, knowledge of trigemi- 
nal chemosensitivity is important for interpreting studies 
purporting to examine aspects of olfactory perception. 
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In the present study, rat trigeminal thresholds were de- 
termined electrophysiologically for nine odorants. The two 
compounds with consistently lowest thresholds in all animals 
were heptanol and propionic acid (Table 1). To our knowl- 
edge, electrophysiological trigeminal thresholds for only one 
of the nine odorants has previously been reported (cf. [12, 

26]. Tucker [25] obtained a trigeminal threshold of 
between 170 and 520 ppm for the rabbit and turtle. The amyl 
acetate olfactory threshold in the rabbit and turtle was ap- 
proximately 0.0170 ppm. Amy]l acetate was said to produce 
the largest spread of any odorant between olfactory and 
trigeminal threshold concentrations although thresholds for 
other odorants were not presented. The trigeminal threshold 
for the rat in the present study was between 260 and 520 
ppm. These results suggest that there is some validity to the 
use of low concentrations of amy] acetate in olfactory exper- 
iments as a means of eliminating trigeminal components of 
odor perception. 

The demonstration that low concentrations of some odor- 
ants led to a gradual increase in ethmoid nerve activity for as 
long as the stimulus was delivered supports the observations 
of Tucker [25] and Cain [6] regarding the increase in trigemi- 
nal response with repeated inhalations. Tucker [25] demon- 
strated electrophysiologically that trigeminal nerve activity 
in the rabbit increased over the first few inhalations of var- 
ious alcohols. Cain [6] presented human psychophysical data 
which show that nasal irritation becomes more intense after 
repeated inhalations of n-butyl alcohol. This effect was more 
pronounced at low concentrations. As Cain [6] suggested, 
this buildup of the trigeminal response with repeated stimu- 
lation may reflect temporal integration. He proposed that 
because the trigeminal free nerve endings lie relatively deep 
in the epithelium, they only slowly follow fluctuations in 
vapor phase concentrations which accompany inhalations 
and expirations. This proposed temporal integration may 
play a role in the protective function of the common chemi- 
cal sense. Perhaps protective reflexes such as cessation of 
breathing and increased mucus secretion, are triggered when 
the activity in the nerve reaches a certain critical level. This 
may explain the phasic-tonic response to high concentrations 
seen in the present study. The initial high activity of the 
nerve may elicit reflexes which limit access of stimulus 
molecules to the free nerve endings. For example, apnea was 
almost always observed when high concentrations of many 
of the odorants were presented to the rat. Additionally, be- 
cause of this proposed temporal integration, those odorants 
which did not elicit a response when the stimulus was pre- 
sented for 10 seconds, may have produced a response if they 
were presented for a longer period of time. 

It has long been the goal of many researchers in olfaction 
to find a pure olfactory odorant, i.e., one that does not stimu- 
late trigeminal receptors. Von Skramlik [28] contended that 
odorants which could not be localized to the side of the nose 
stimulated were pure olfactory stimuli and listed about 50 
such compounds. However, Van Skramlik noted weak- 
nesses in his argument and admitted that many ‘‘pure olfac- 
tory’ odorants produced sensations other than olfactory. 
For example, one of these 50 odorants, phenethyl alcohol, 
was Said to elicit a weak stinging sensation. Elsberg et al. 
[10] asked subjects to indicate sensations other than olfac- 
tory (itching, stinging, etc.) produced by a large number of 
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compounds. The only substances which did not produce 
these sensations were coffee, musk ketone, and phenethyl 
alcohol. In the present study the trigeminal threshold for 
phenethyl alcohol was between 12 and 73 ppm although re- 
sponses were obtained in only 2 of 6 rats. Tucker [25,26] 
reported that in rabbits and turtles, trigeminal responses 
were recorded at concentrations which did not elicit olfactory 
responses. Thus, since phenethyl alcohol stimulates trigemi- 
nal receptors, it cannot be a pure olfactory stimulus. There 
are as of yet no electrophysiological reports of an odorant 
which does not stimulate intranasal trigeminal receptors. 

Four of the nine odorants, including phenethyl alcohol, did 
not elicit trigeminal responses in all preparations even at 
vapor saturation (Table 1). This corresponds with the report 
by Doty et al. [9] in which some odorants including these 
four were not detected by all of the anosmic subjects. They 
also reported perceived trigeminal intensity to a large 
number of odorants at vapor saturation including all nine 
compounds used in the present study. A high correlation is 
present between the human anosmic intensity ratings re- 
ported by these authors [9] and the rat electrophysiological 
response magnitudes to vapor saturated stimuli shown in 
Fig. 3 (r=.975; p<0.001; n=8). For two other rats, the corre- 
lation between response magnitude at vapor saturation 
and the human anosmic intensity ratings was .964 (p<0.001; 
n=7) and .882 (p<0.01; n=7). 

This correlation between the rat electrophysiological 
trigeminal response magnitudes and the human anosmic in- 
tensity ratings of the Doty et al. [9] study is striking. For the 
anosmics, pleasantness was negatively correlated with in- 
tensity, so that the more intense an odorant was perceived to 
be, the more unpleasant it was judged. The high correlation 
between the rat and human data suggests that the degree of 
irritation or ‘‘unpleasantness’’ for these compounds may be 
similar for both man and rat. 

The effects of odorants on physiological function were 
discussed at length in a recent National Research Council 
Report [18]. Stimulation of nasal receptors can elicit marked 
respiratory, cardiovascular, and hormonal responses, includ- 
ing apnea, bronchodilation, bradycardia, an increase in arte- 
rial blood pressure, reduction in cardiac output, vaso- 
constriction in skin, muscle, and renal and splanchnic vas- 
cular beds, and an increase in epinephrine levels [18]. There 
is growing evidence that most, and possibly all, of these 
effects are mediated by trigeminal receptors [13, 17, 18]. An 
initial step in further elucidating the impact of odorants on 
physiological function would be to characterize odorants ac- 
cording to their relative effectiveness in stimulating trigemi- 
nal receptors. The high degree of correlation between rat 
response magnitudes and human perceived intensity 
suggests that the rat is an excellent model for assessing the 
stimulatory effectiveness of odorants on human nasal trigem- 
inal receptors. 
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TAGLIAFERRO, A. R. AND D. A. LEVITSKY. Spillage behavior and thiamin deficiency in the rat. PHYSIOL. BEHAV. 
28(5) 933-937, 1982—Food spillage, food intake and body weight of four groups of adult rats were monitored daily as they 
were fed varying sequences of deficient, marginal, or high thiamin (B,) diet. Food spillage was a more sensitive index of the 
level of dietary B, than either food intake or body weight change. Animals fed the deficient B, diet exhibited the greatest 
levels of food spillage followed by the animals fed the marginal B, diet. Hypophagia and weight loss occurred only among 
animals fed the marginal B, diet. Feeding the high B, diet to animals previously given the deficient and marginal B, diets 
completely eliminated the excessive food spillage, and food intake and body weight returned to control levels. These data 
support the use of spillage behavior as a useful screening tool for detecting behavioral effects of inadequate nutrient intake 


or chemical intoxication. 


Thiamin deficiency Food spillage 


Behavioral effects 





ANOREXIA, weight loss and peripheral neuropathy are 
classic symptoms associated with an acute thiamin defi- 
ciency in man and animals [3]. There have been very few 
animal studies that have attempted to measure quantita- 
tively, behavioral changes that might indicate either a partial 
nutrient deficiency or the preclinical stage of an overt defi- 
ciency. 

Ideally, the behavioral measure of choice should be sen- 
sitive to different levels of nutrient intake, easy to measure 
and should not necessitate handling or being obtrusive to the 
animal. Food spillage behavior has been observed to be in- 
creased among young rats undergoing concurrent thiamin 
deficiency [14] and also among older animals that have been 
previously protein malnourished [2]. 

The present investigation demonstrates the usefulness 
and sensitivity of this behavioral measure as an index of 
various stages of thiamin deficiency in adult rats. 


METHOD 


Animals 


Twenty-eight Sprague-Dawley albino rats (Holtzman, 
Inc., Madison, WI weighing between 244-288 grams were 





assigned to one of four groups be stratified randomization 
[16]. The animals were housed individually in galvanized wire 
mesh-bottomed cages in an environmentally controlled room 
maintained at 22°C and illuminated on a reverse 12 hour 
light-dark cycle (1700-1900 hours). 


Diet 

Animals were fed a high carbohydrate, low fat semi- 
purified diet, the composition of which is shown in Table 1. 
Three levels of thiamin hydrochloride (B,) were used in the 
basal thiamin-free diet: 0.0 mg—deficient; 1.0 mg—marginal; 
4.0 mg/kg diet—high B, diets. The high B, diet contained a 
thiamin level recommended for optimum nutrition of the lab- 
oratory rat [11]. The B, value of the marginal diet was arbi- 
trarily chosen to be 80% of the average value reported to be 
adequate for adult rats to metabolize diets containing less 
than 20% fat [12]. 


Procedure 


All the animals were fed the high B, diet for three days 
before the start of the experiment. On day one of the experi- 
ment, two groups of animals were given the deficient diet; 
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TABLE |! 
COMPOSITION OF BASAL DIET 





Component Percent by Weight 





Protein* 25.0 
Carbohydrate? 63.7 
Fat? 4.0 
Minerals§ 4.0 
Fat-Soluble Vitamins 1.0 
Water-Soluble Vitamins® 2.0 
Choline Chloride 0.3 





*Vitamin-Test Casein, General Biochemicals, Chagrin Falls, OH. 

*Cerelose Corn Products Co., Argo, IL. 

tHydrogenated Vegetable Oil, Primex, Proctor and Gamble Co., 
Cincinnati, OH. 

§Hegsted IV Salt Mixture ICN. 

{Thiamin Free-B-Vitamin Mix Composition (g) per 10 kg diet: 
Pyridoxine (0.04) Riboflavin (0.08), Calcium-Pantothenenate (0.4), 
Niacin (0.4), Inositol (2.0), Menadione (0.1), Folate (0.02), Vitamin 
B,./Biotin Mix (1.0), Cerelose (200). 


group D and group D-M. Group M was given the marginal 
diet, and group H was given the high B, diet. 

Group D was fed the deficient diet until overt symptoms 
of thiamin deficiency were apparent. The D-M group was fed 
the deficient diet until their body weight decreased to 75% of 
their weight at the start of the experiment. At that time, the 
animals were switched to the marginal B, diet until body 
weight approached an asymptotic level of recovery. Then, 


both groups, D-M and M were switched to the high diet for 
the remainder of the study. The H group was fed the high B, 
diet at all times. 


Daily Maintenance 


Food intake, body weight and food spillage were recorded 
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daily between 0900 and 1030 hours. Food intake and spillage 
were measured to the nearest tenth gram. Spillage weighing 
less than one gram was not recorded. Fresh diet was pro- 
vided each day and food cups were changed weekly. 


Data Analysis 


Food intake was expressed as grams per 100 grams body 
weight. Analysis of food intake and body weight were made 
using a one-way analysis of variance. Tukey’s HSD Test was 
used to make post-hoc comparisons among the different 
treatment groups. Non-parametric analyses of variance tests 
(Kruskal-Wallis and Mann-Whitney U) were used to com- 
pare differences in food spillage due to heterogeneity of 
within cell variances. 


RESULTS 
Days 1-28 


Analysis of food intakes of the experimental and control 
animals during the different treatment periods of the study 
were averaged across the days shown in Table 2. 

Since food intake and body weight on the D and D-M 
animals were not different statistically at the start of the 
experiment, their data were pooled for statistical analyses. 
During the first four weeks of the experiment, the animals 
fed the deficient B, diet spilled considerably more food than 
group H, H(2)=6.57, p<0.05, Fig. 1. Also during that time, 
group M had an increased level of food spillage that also was 
significantly higher than the controls (Fig. 1) and inter- 
mediate between that of groups D, D-M and H. 

By the end of the fourth week, groups D and D-M had 
reduced their food intakes to less than half of that of the H 
group, F(2,18)=4.97, p<0.05, Table 2A. As a result, the 
body weights of these animals declined rapidly. Analysis of 
body weights on day 28 showed the decrease in body weight 
was significant, F(2,18)=37.85, p<0.01, Fig. 3). However, 
neither food intake nor body weight of group M differed from 
group H. 


TABLE 2 


FOOD INTAKE 
(g PER 100 g BODY WEIGHT) 
DAYS 





A Diet 
25-28 Level 


Diet Diet D 
Level Level 125-128 





2.66* 
+0.26 


(1.0 B,) 5.01 


n= 





Daily Food intake (Means + SEM) of groups D, D-M, M and H during the different periods that 
they were fed either the deficient (0.0), marginal (1.0), or high (4.0) B, diet. 


*Significantly different from group H. p<0.05. 
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EX24 Group D+D-M 
Group D-M 
&ZZA Group M 
CC) Group H 





MEAN FOOD SPILLAGE, g 





4.0 


= 
29-79 
DAYS 


FIG. 1. Comparison of cumulative food spillage during days 1-28, 
29-79, 80-128. All statistical comparisons were made against group 
H using a Mann Whitney U test. Numerical values above the bars 
indicate the dietary level of B, (mg/kg diet) that the groups received 
during each period. Values of significance were for a one-tailed test. 
*p<0.05, **p<0.01. 























80-128 


Days 29-79 


On day 29, group D-M was switched to the marginal B, 
diet because their average body weight had reached 75% of 
its starting level. The D group was continued on the deficient 
diet. 

During this period food spillage by the D animals contin- 
ued to increase but food intake stabilized with no further 
decrease. However, body weight continued to decline, 
which suggested that the animals had a lowered efficiency of 
energy metabolism, a condition which has been reported to 
develop with a severe B, deficiency [15]. By day 41, a 
majority of the D animals was moribund and the group was 
removed from the study. 

Following the dietary change from the deficient to mar- 
ginal B, diet, the D-M group continued to show high levels of 
food spillage. The animals were on the marginal diet for sev- 
eral days before a reversal in food spillage occurred. By day 
79, food spillage levels of the D-M group were reduced to 
levels comparable to group M (Fig. 2). Total food spilled 
between days 29-79, by groups D-M and M, were signifi- 
cantly greater than that of the controls, H(2)=10.74, p<0.01, 
Fig. 1. 

In contrast, food intake of group D-M recovered very 
quickly following the dietary change in B, levels. However, 
the rate of recovery in food intake was highly variable among 
the D-M animals. For instance, during days 41-44, the aver- 
age daily intake of the D-M animals was 6.82 g/100 g body 
weight (range 3.02-10.35 g) vs 5.23 g/100 g body weight for 
the H group. These differences in food intake were not signif- 
icant because of the high within group variance of the D-M 
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FIG. 2. Total daily food spillage of each group averaged over four 
day blocks. Time and level of dietary changes in B, indicated by 
vertical arrows and numerical values, respectively. The sequence of 
diet treatment for each group is shown in inset. 
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FIG. 3. Body weights averaged over four day blocks for groups D, 

D-M, M and H. Time and level of dietary changes in dietary B, 

indicated by vertical arrows and numerical values, respectively. Se- 

quence of diet treatment for each group is shown in inset. 





animals. Food intake of all the D-M animals returned to con- 
trol levels, during the period that they were fed the marginal 
B, diet (Table 2B). However, body weight recovery of this 
group followed a somewhat different pattern. During the 
period that the D-M animals were fed the marginal B, diet, 
body weight recovery was slow and incomplete. Analysis of 
body weight on day 79 showed that body weight of the D-M 
animals had plateaued 13% below that of the H group, 
F(2,18)=3.83, p<0.05. Average body weight of the animals 
on days 76-79 are presented in Fig. 3. 

For group M, although food spillage behavior was signifi- 
cantly elevated during this period, neither food intake nor 
body weight were found to differ from group H (Table 2B 
and Fig. 3). 


Days 80-128 
On day 80, groups D-M and M were switched to the high 
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B, diet. Food spillage by both groups rapidly declined to 
levels comparable to group H (Fig. 2). The amounts of total 
tood spillage by the three groups of animals were not statisti- 
cally different during this period. 

However, food intake by groups D-M and M was higher 
than the H group during the first week following the switch 
to the high B, diet. One animal in the D-M group ate almost 
twice as much food (12.16 g/kg body weight) as any other 
animals in the group. As a result, the extreme hyperphagia 
increased the variance between animals and consequently 
lowered the F-ratio. Exclusion of this animal’s data yielded 
an, F(2,17)=6.24, p<0.01. Interestingly, the greatest in- 
crease in food intake during the first week on the high B, diet 
was by group M. (Table 2C). Intake by group D-M was also 
higher than group H, but the difference was not statistically 
significant. The increase in food consumption shown by 
group M was transient, and by the end of the study, their 
average daily food intake was similar to group H (Table 2D). 

Further more, body weight of the D-M animals recovered 
to control levels within two weeks following the dietary 
change to the high B, diet (Fig. 3). 


DISCUSSION 


It takes approximately three to four weeks for adult 
animals to develop overt signs of acute thiamin deficiency [6, 
17, 13]. Typically, the two major changes to appear during 
that time are hypophagia and weight loss [3]. 

In the present study, an increase in food spillage was the 
earliest and most dramatic behavioral change noted in the 
animals on the deficient and marginal B, diets. The eleva- 
tions in food spillage exhibited by the experimental groups 
were proportional to the level of the thiamin depletion in- 
duced. After four weeks on the deficient B, diet, total food 
spillage by the animals in groups D and D-M was three times 
higher than that of group M and almost ten times greater than 
group H. 

In one of the few studies that have reported food spillage 
behavior by thiamin depleted animals [14], it was not clear 
whether the onset of spillage was specific to thiamin deple- 
tion or the reduction in food intake and weight loss that 
occurred at approximately the same time. 

In the present investigation, caloric reduction was not a 
necessary factor for the induction of food spillage behavior. 
During the first seventy-nine days of the experiment, food 
intake and body weights were not different between group M 
and H, but group M exhibited significantly greater food spil- 
lage (Fig. 3). It was not until the animals in group M were fed 
the high B, diet that there was a systematic decline in food 
spillage to normal levels. 

Thus, the vigorousness of the food spillage behavior of 
the experimental animals when fed the deficient and mar- 
ginal diets was independent of either a reduction in food 
intake or in body weight per se. It was most probable that 
food spillage was a manifestation of a more generalized dis- 
turbance in behavior [2]. For instance, increased food spil- 
lage and the increase in spontaneous wheel running behavior 
that has been reported to occur among deficient animals [9] 
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may both reflect a general increase in search behavior for 
new sources of food. In addition, food spillage is probably 
symptomatic of changes in emotional reactivity (i.e., irrita- 
bility) that have been observed to exist in previously mal- 
nourished animals [7,8] and in humans that have been made 
chronically deficient of thiamin [4,20]. 

In the present study, hypophagia developed among the 
experimental animals in response to only the B, deficient 
diet. Neither groups M nor D-M (after two weeks on the 
marginal B, diet) had food intake levels that were different 
from group H. However, it was apparent by the relatively 
slow rate of growth of group M and incomplete recovery of 
body weight of group D-M that the B, level used in the mar- 
ginal diet was inadequate to support optimal growth. Feeding 
the high B, diet promoted an immediate increase in food 
intake levels of groups M and D-M and the complete re- 
covery of body weight of the latter group. These findings 
were consistent with those reported by others regarding the 
dietary level of an essential nutrient and body weight [5,6]. 
Furthermore, the complete recovery of body weight by 
group D-M after seventy-nine days of partial or chronic 
thiamin deficiency was consistent with the early findings of 
Widdowson and McCance who reported the adult animals 
subjected to a nutritional deficiency showed no long term 
effects on body weight following nutritional rehabilitation 
[19]. 

Other methods of behaviorally assessing the thiamin 
status of animals have been described. Peskin eft al. [13] 
reported a high correlation between severity of thiamin de- 
pletion and startle response measured by the distance 
jumped to an aversive foot shock. These investigators found 
that the behavioral changes were inversely related to levels 
of erythrocyte transketolase activity of blood samples taken 
from the same animals immediately after the behavioral 
tests. In addition, Vorhees [18] has used frequency of 
muricide behavior to show differences between young 
thiamin deficient rats and their pair fed controls. And most 
recently motor performance on a string test was reported as 
a method of detecting thiamin deficiency in rats [1]. 

However, this latter method appears to be most sensitive 
to depleting brain B, levels, a condition not likely to occur 
until advanced stages of thiamin deficiency have developed. 

The excessive food spillage described in the present study 
was a general and spontaneous disturbance in feeding behav- 
ior that was freely emitted by the animals fed the thiamin 
deficient diet. As a behavioral measure of assessing changes 
in response to a nutrient imbalanced diet, it has the advan- 
tage over these other methods of detecting differences with- 
out being obtrusive to the animals. Also, it involved little 
expense and it does not require any special equipment or 
training. On a broader scale, food spillage may be useful to 
the toxicologist as a screening tool to assess early toxic ef- 
fects of various chemical compounds. 
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MACTUTUS, C. F., J. T. CONCANNON AND D. C. RICCIO. Nonmonotonic age changes in susceptibility to 
hypothermia-induced retrograde amnesia in rats. PHYSIOL. BEHAV. 28(5)939-943, 1982.—The effects of post-training and/or 
pretesting body cooling on retention of Pavlovian discriminated fear conditioning were examined in preweanling (16-day) and 
weanling (23-day) rats. Twenty-four hour retention was assessed in 16- and 23-day-old rats receiving hypothermia 
after training, after training and prior to testing, or at neither time. Amnesia was present in the preweanling but not 
weanling rats. Recovery from amnesia was not observed in the preweanling rats following a second cooling treatment. 
Control groups indicated the differential amnesia was not the result of differences in 24 hr baseline retention, depth of 
hypothermia cooling, rate of recovery from hypothermia treatment, or body temperature immediately post-testing. The 
results are discussed with respect to current views of infantile amnesia and the growing evidence for similar nonmonotonic 


functions during ontogeny. 


Retrograde amnesia Infantile amnesia 





A VAST literature supports the conclusion that young 
animals are inferior relative to adults in retention of learned 
behaviors; moreover, this memory deficit far exceeds any 
deficiences in original learning [4, 6, 7]. A variety of mech- 
anisms have been proposed to account for this inferior re- 
tention ability of young rodents, including alterations in 
stimulus generalization gradients [14, 15, 28, 29] and exag- 
gerated retroactive [1,31] and proactive [30] interference. As 
these reports suggest, if the memories of young animals are 
characteristically more vulnerable to disruption, then we 
might also expect more severe disruption of newly acquired 
memory in immature than in mature rats within a retrograde 
amnesia (RA) paradigm. 

Relatively little systematic information appears to be 
available concerning amnesia in the developing organism. 
Nagy and his colleagues demonstrated the occurrence of 
hypothermia-induced RA in nine-day-old rat and mice pups, 
but did not attempt to make comparisons across ages [24,26]. 
Early reports [35,36] suggested that 30—40-day-old rats are 
more vulnerable than adult animals to electroconvulsive 
shock (ECS)-induced memory loss; however, it is question- 





Hypothermia 


Ontogeny Pavlovian conditioning Rats 


able whether the severity of cerebral shock was comparable 
across ages. More recent studies, using either hypothermia 
[16] or ECS [10, 11, 12] as an amnesic agent, have provided 
data suggesting that at some points in development, the im- 
mature rodents may be less susceptible to RA than are 
adults. Similar nonmonotonic age related alterations in 
drug-induced activity with either amphetamine [20] or co- 
caine [33], and of amphetamine-induced taste aversion [18], 
have been demonstrated. A comparable developmental pat- 
tern is also suggested with pentobarbital state-dependent re- 
tention [8,27]. 

Accordingly, we undertook the present study to further our 
previous observations [16] by examining the susceptibility of 
preweanling (16-day-old) and weanling (23-day-old) rats to 
hypothermia-induced amnesia. If weanling rats are less vul- 
nerable to RA than younger pups, then differential memory 
loss should be observed following comparable original learn- 
ing. We also examined whether recovery from amnesia could 
be induced by recooling prior to testing, a highly successful 
procedure with adult rats (e.g., [17,21]). A third concern was 
whether any marked differences in rewarming rate might be 
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observed and potentially explain any differential susceptibil- 
ity to the amnesia-inducing property of hypothermia treat- 
ment (e.g., [16,37]). 


METHOD 
Animals 


All subjects were male Sprague-Dawley-derived rats, 
bred and raised in the presence of both parents and female 
siblings in litters of 10 pups or less. No young animals were 
weaned before the end of the experiment. The colony in 
which the animals lived was maintained on a light/dark cycle 
of 16 hour light/8 hour dark with the room temperature at 


20°-22°C. 


Hypothermia Treatments 


The specific details of the procedure to induce amnesia by 
whole body hypothermia were as previously employed [16]. 
Briefly, pups were restrained in wire cloth tubes within 30 
sec after training and immersed in 13°-15°C water until body 
temperature fell to 21.0°C or below (as indexed by rectal 
temperature). The parameters for using hypothermia as a 
reactivation treatment were based on previous reports 
[17,21] and additional pilot work with young animals. 
Briefly, reactivation was identical to amnesic treatment ex- 
cept that body temperatures were lowered to 25.0°C. A 45 
min reactivation to retention test interval was determined to 
produce temperature recovery of 30°+1°C (the optimal tem- 
perature for showing reactivation-induced memory recovery 
in adult rats [17, 21, 22] without any significant depression in 
locomotor activity. 


Procedure 


One hundred and eight male rats were assigned by ran- 
domization and split-litter techniques to a 2 (age) x 5 (treat- 
ment condition) factorial design. Three groups at each age 
received Pavlovian discriminated fear conditioning, in a 
two-compartment passive avoidance apparatus previously 
described [21]. Training consisted of a 60-sec period in the 
illuminated compartment without shock, followed by a 60- 
sec session in the dark with the 16-day-old pups receiving 
three shocks and the 23-day-old rats receiving one shock. In 
a preliminary experiment these training parameters yielded 
intermediate and comparable levels of aversive conditioning 
in 16- and 23-day-old pups. Of these three groups (ns=12), 
one received the hypothermia amnesic treatment im- 
mediately after conditioning and no further treatment prior 
to testing (HYPO); one received the hypothermia amnesic 
treatment immediately after conditioning as well as the re- 
cooling reactivation treatment 45 min prior to testing 
(HYPO-HYPO); and the third group served as a retention 
control which received no hypothermia treatment at any 
time prior to testing (NO HYPO). The remaining two groups 
within each age were sham-trained (ST), i.e., they received 
the standard exposure to both sides of the shuttlebox, but 
were never shocked. Neither of these groups received the 
hypothermia amnesic treatment. However, one of these lat- 
ter groups was administered the recooling reactivation 45 
min prior to testing (ST-NO HYPO-HYPO, n=6), while the 
other group remained untreated (ST-NO HYPO-NO HYPO, 
n=12). The sham-trained and recooled rats were employed 
to assess the magnitude of any motor debilitation which 
might artifactually inflate retention scores in the reactivated 
group. The sham-trained but non-treated animals served as 
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handled controls to assess the memory of retention control 
subjects. All rats received a 30-min passive avoidance test 24 
hr after their training or sham-training episode. Although 
latency to cross-through into the black compartment (all four 
paws) and the total time spent in the white ‘‘safe’’ compart- 
ment (TTW) were recorded, only the more conservative 
TTW data are reported. Immediate post-test temperatures 
were also recorded. 

A second set of rats were employed to assess rate of 
rewarming following a hypothermia amnesic treatment. 
Eighteen male rats were randomly assigned using a split- 
litter design to receive the Pavlovian discriminated fear con- 
ditioning (as above) and standard hypothermia amnesic 
treatment at either 16 or 23 days of age. Approximately 5 min 
prior to conditioning, animals’ baseline core temperatures 
were recorded. After body temperature fell to or below 
21.0°C, animals were removed from the bath and returned to 
their litter cage. Rectal temperatures were recorded every 15 
min through the following 2 hr. 


Results and Discussion 


As the retention performance of the two sham-trained 
groups within each age did not differ on the TTW measure, 
these groups were pooled (n=18) and are subsequently re- 
ferred to collectively (SHAM-TRAIN). Figure | depicts the 
median TTW retention scores (+interquartile range) for both 
age groups across these four treatment conditions. 

Overall between groups analysis indicated significant ef- 
fects on the TTW measure (H(7)=18.69, p<0.01). It was 
readily apparent and statistically confirmed that both 16- and 
23-day-old pups showed substantial 24 hr retention relative 
the their respective SHAM-TRAIN control group (U=61, 
p<0.05; U=42, p<0.005, respectively). Moreover, the 24 hr 
retention was similar for the 16- and 23-day-old rats (U=63, 
p>0.50). The hypothermia treatment immediately after 
conditioning produced significant amnesia in the 16-day-old 
rats relative to the retention control animals (U=34, 
p<0.03). The amnesia scores of these 16-day-old pups were 
statistically indistinguishable from their SHAM-TRAIN 
counterparts (U=91, p>0.40). For the 23-day-old rats, there 
was no amnesia induced by the hypothermia immersion im- 
mediately after conditioning, but rather retention scores re- 
mained significantly greater than the 23-day-old SHAM- 
TRAIN animals (U=28.5, p<0.001). This implicit distinction 
between amnesia groups was confirmed by a direct between 
age groups comparison (U=26, p<0.001). The second 
hypothermia treatment 45 min prior to testing did not 
produce motor debilitation for either age group (US>86, 
p>0.30) nor was recovery from amnesia observed in the 16- 
day-old pups (U=56, p>0.30). The recooling treatment also 
failed to yield memory recovery for the 23-day-old rats and if 
anything actually lowered retention scores (U=39.5, 
p<0.06. This latter finding, however, also did not qualify as 
an amnesic effect (U=50, p>0.20). Recovery from am- 
nesia was not found for the 16-day-old rats which were ad- 
ministered the second hypothermia treatment 45 min prior to 
testing. 

The age differences in susceptibility to RA occurred de- 
spite the fact that the body temperatures of the 16- and 23- 
day-old rats in the amnesia groups were not differentially 
reduced (mean+SEM; 20.7°+0.2°C and 20.4°+0.1°C, re- 
spectively). Similarly, as shown in panel A of Table 1, post- 
test temperatures could not readily explain the lack of RA in 
the 23-day-old rats. 
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FIG. 1. Median retention score (+interquartile range) in a passive 
avoidance test session as a function of the presence or absence of a 
hypothermia treatment after training and/or prior to testing. 


Although a 2 (age) x 5 (treatment) ANOVA on the post- 
test temperatures indicated a reliable age difference 
(F(1,94)=38.5, p<0.001), with reliable between age differ- 
ences at each level of treatment (Newman-Keuls statistic, 
ps<0.01), neither the overall treatment effect nor the age x 
treatment interaction were significant (Fs<1.2). Thus, all 
rats within each age group had returned to their ‘‘baseline’’ 
temperature regardless of whether the proper baseline is the 
retention control or sham-trained group which had never re- 
ceived the hypothermia treatment. 

Panel B of Table | presents the mean (+S.E.M.) colonic 
temperatures of the 16- and 23-day-old rats both pre- and 
post-hypothermia treatment. Preconditioning baseline body 
temperatures were not significantly different (¢(16)=1.68, 
p>0.10). A 2 (age) x 9 (interval) mixed-design ANOVA on 
the body temperatures following removal from the water 
bath revealed reliable effects of interval (F(8,128)=823.3, 
p<0.001) and an age x interval interaction (F(8,128)=5.50, 
p<0.001). Subsequent Newman-Keuls tests demonstrated 
that the 16- and 23-day-old rats were not differentially cooled 
(i.e., at time 0.5), but that the 23-day-old pups were reliable 
cooler at the 15 and 30 min post-immersion intervals 
(p<0.01, p<0.05, respectively). No other between group 
differences were significant. Both 16- and 23-day-old rats 
had returned to their pre-conditioning baseline temperatures 
by 120 min post-immersion (ts(8)=0.36, 1.26, ps>0.10). 


GENERAL DISCUSSION 


These data provide evidence that 23-day-old rats are rela- 
tively refractory to RA induced by hypothermia. This out- 
come is not readily attributable to differential levels of con- 
ditioning between the 23-day-olds and the younger 16-day 
pups, as the data from the retention control groups suggested 
we were reasonably successful in establishing a comparable 
baseline of response strength. Furthermore, the groups did 
not differ in the severity of body temperature reduction. Al- 


TABLE | 


MEAN RECTAL TEMPERATURES (°C + S.E.M.) OF THE 16- AND 23 
DAY-OLD RATS IMMEDIATELY FOLLOWING THE PASSIVE 
AVOIDANCE TEST ARE ILLUSTRATED IN PANEL A, WHILE PANEI 
B PRESENTS THE MEAN RECTAL TEMPERATURES (°C + S.E.M.) 
SHOWING THE TIME COURSE OF REWARMING FROM THI 
STANDARD HYPOTHERMIA AMNESIC TREATMENT FOR 
BOTH AGE GROUPS 





Panel A: 
Age (days) 


Treatment 





No HYPO 

HYPO-No HYPO 
HYPO-HYPO 

ST-No HYPO-No HYPO 
ST-No HYPO-HYPO 


ns) 


Awww w 
aM 


an 





Panel B: 
Age (day 


Time Interval (min) 





5 (pre-immersion) 


Nw 


0.5 (post-immersion) 

15 

30 

45 

60 

75 

90 
105 
120 


= 


Nwwe BNON t 
NNN NNN UY 





Significant between age group differences by Newman-Keuls 
statistic following a 2x9 ANOVA on rewarming temperatures 
(*p<0.05; *p<0.01.). 


though there were slight differences in their rates of recovery 
from the hypothermia amnesic treatment, we would have 
expected the more rapid warming of the younger pups to 
produce less amnesia [16,37]. Given the efficacy of the 
paradigm for producing RA in adult animals, the lack of an 
effect in 23-day-olds can hardly represent a developmental 
progression. This view is supported by the results of an 
ancillary study which confirmed that adults of this strain and 
under the present training regime were indeed susceptible to 
hypothermia-induced memory loss. Thus, the present study 
appears to confirm and extend the earlier observation of 
nonmonotonic changes in severity of ECS-induced amnesia 
in mice [10, 11, 12]. (It is of interest to note that in the more 
rapidly developing mouse the resistance to amnesia was seen 
in pups about a week younger than the rats of this study.) 
Difficulty in obtaining hypothermia-induced RA in post- 
weanling rat pups has also been previously reported [16]. 
What makes these findings particularly puzzling, and in- 
triguing, is that the resistance to experimentally-induced 
amnesia occurs at a maturational level in which infantile am- 
nesia is also obtained [4, 6, 7]. Thus, one might well have 
predicted that both 16- and 23-day rats would suffer 
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profound memory disruption from an amnesic treatment, 
and certainly exhibit more amnesia than adults. Since sucha 
prediction is not confirmed, traditional explanations of in- 
fantile amnesia (for reviews see [4, 6, 7]), whether emphasiz- 
ing the role of experiential factors or neurological changes, 
do not seem applicable here. Recent approaches emphasiz- 
ing developmental differences in the qualitative charac- 
teristics of what is learned [9] or in the number of redundant 
and irrelevant attributes stored [32] also would not account 
for the present outcome unless it is further assumed that the 
infantile amnesia common to both 16- and 23-day-old rats is, 
in fact, based upon different processes. 

A further, albiet minor, puzzle is why the reactivation 
treatment failed to attenuate hypothermia-induced amnesia 
in the 16-day pups. The lack of a clear effect of *‘recooling”’ 
on the 23-day pups is presently no more explicable than the 
failure of initial hypothermia treatment to disrupt memory. 
This particular reactivation treatment, however, has been 
shown to provide a transient but highly effective condition for 
reversing amnesia in adults [17,21]. It is possible that these 
parameter values were not suitable for the immature 
animals. An interesting alternative notion is that the memory 
loss in the 16-day pups represents a storage failure [23], a 
position consistent with the facilitatory effect of familiariza- 
tion exposure on retention [19]. In the latter case, of course, 
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recovery would not be expected. It is interesting to note that 
particular difficulty in attempts to reactivate memory in 16- 
day-old pups, with a reactivation treatment which was highly 
effective in alleviating memory less in weanling rats, has 
been reported in the investigation of age differences in long- 
term retention [34]. 

The present findings fit a growing body of literature re- 
flecting maturational changes in behavior which are *‘non- 
progressive’’. In addition to the behavioral responses to 
pharmacological agents mentioned earlier, there is evidence 
that exploratory activity, as indexed by head-poking [13], 
discriminated escape learning [5], and the retention of active 
avoidance learning [25] may also follow a nonmonotonic 
course of development. Most recently it has been shown 
[2,3] that the partial reinforcement effect, a highly robust 
phenomenon in adult and preweanling rats, is greatly at- 
tenuated in adolescent (approximately 30 days of age) 
animals. While the anomalous outcomes appear to occur 
most often during *‘peri-adolescence”’ (L. Spear and S. C. 
Brake, in preparation), it seems likely that the age span in- 
cluded will vary somewhat with the type and parameter of 
the behavioral task. These developmental peculiarities, 
while puzzling, may prove informative in delineating 
psychobiological processes in learning and memory. 
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MARROCCO, R. T., J. W. MCCLURKIN AND R. A. YOUNG. Eye stabilization for receptive field mapping without 
systemic paralysis. PHYSIOL. BEHAV. 28(5) 945-947, 1982.—A method is described for primates which produces ocular 
stability but does not abolish withdrawal reflexes. Retrobulbar injections of neuromuscular blocking agents reduce residual 
eye movements to less than | min-arc/min, comparable to that obtained with systemic paralysis. The paralysis is readily 
reversed with paralytic antidotes. The properties of neurons recorded in the optic tract are unaffected by the intraorbital 


anticholinergics. 


Retrobulbar paralysis Receptive field Monkeys 


METHODS for dealing with residual eye movements in 
studies of receptive field mapping are, at best, compromises. 
The paralyzed preparation is suitable for quantitative studies 
of receptive field structure, but may preclude attentional and 
certainly eliminates active orienting effects on visual cells. 
Residual movement is present in even the best paralysis be- 
cause drift is dramatically reduced but not eliminated, and 
movements caused by vascular pulsation are always present. 

Mixtures of Flaxedil and d-Tubocurarine (e.g., [2,4]) are 
used most frequently and reduce residual eye movement to 
under 10 min-arc/hr. The most complete, but less widely 
available, form of paralysis is provided by the agent toxi- 
ferine hydrochloride, but the paralysis appears to be irre- 
versible. Neither type of paralysis allows for continuous and 
unambiguous assessment of the state of anesthesia. Recent 
evidence suggests that nitrous oxide/oxygen mixtures, gen- 
erally used in conjunction with systemic paralysis, may not 
provide adequate anesthesia, at least in cat [1]. If the same is 
true in primates, it becomes essential that the adequacy of 
the anesthetic state be testable, a task best accomplished by 
the use of electroencephalographic as well as motor reflex 
data. Simply withholding systemic paralysis is unsatisfac- 
tory, because movements reappear only after one to two 
hours. There is no guarantee that the state of anesthesia is 
the same before and after this ‘‘withholding’’ period. A 
preparation in which moderate withdrawal reflexes were 
present to allow assessment of anesthetic depth, and ocular 
stability permitted detailed receptive field studies, thus 
seems desirable. The purpose of the present note is to de- 
scribe a technique that provides ocular stability equal to that 
of systemic paralysis but with only moderate impairment of 
withdrawal reflexes. It has been successfully used in con- 





junction with anesthetics (Nembutal) and tranquilizer 


analgesic (Valium and nitrous oxide) mixtures. 


METHOD 


Two cynomolgus macaque monkeys (2.8 and 3.2 kg) 
were surgically implanted with headgear for physiological 
recording experiments. Animals were premedicated with at- 
ropine sulfate (0.2 mg/kg) and anesthetized with Nembutal 
(35 mg/kg). Under aseptic conditions the head gear, plastic 
access wells, and bolts for painless head immobilization 
were cemented to the skull with dental acrylic. All wounds 
were closed. Animals were given antibiotics (Bicillin) and 
allowed 7 days recovery. 

In order to study eye movements, the monkeys were 
anesthetized with Nembutal and mounted in a stereotaxic 
frame. Body temperature was thermostatically controlled 
and the EKG and CO, were monitored. An endotracheal 
tube was positioned. The eyelids were retracted and pinhole 
(3 mm aperture) contact lenses (plano curvature) fitted to the 
cornea. A small square of cover slip glass was glued to the 
contact lens adjacent to the lateral canthus. The beams of 
two low power, continuous lasers (0.5 mW, Metrologic) 
were reflected off the cover slip mirrors onto a tangent 
screen one meter distant from the cornea. 

We believe that there was little tendency for the contact 
to slip on the corneal surface for two reasons. First, the 
retraction of the lids allowed air drying of the lacrimal fluid at 
the perimeter of the lens and ‘‘glued”’ the lens in position. 
Second, there was no overall downward shift in eye position 
over time. 

Retrobulbar injections were made with a 27 ga 2” needle. 
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FIG. 1. Uniocular (left) eye position records vs time. Nembutal trace represents control, no injection condition. Each dot shows eye position 
at successive | min intervals. Connecting lines show approximate trajectory between measurements. Open arrow denotes start of measure- 
ments. Normal saline trace shows eye position following retrobulbar injection of saline (0.15 ml). Flaxedil trace shows eye position following 


retrobulbar Flaxedil (1 mg/kg) at | min intervals. 


The technique required considerable care to avoid several 
blood vessels (e.g., medial opthalmic and lacrimal arteries) 
that are present. The route of choice was to insert the needle 
in the conjunctival sac at the lateral canthus in the horizontal 
plane. The needle was angled away from the globe and 
guided by the zygomatic and sphenoidal bones of the lateral 
orbital wall, and the lacrimal and ethmoid bones of the me- 
dial wall. The injections were made at a depth of 3/4” in the 
orbital fat, interior to the periorbitum, adjacent to the junc- 
tion of the oculomotor and abducens nerves with the medial 
and lateral recti, respectively. 

Figure | shows the results from the left eye of one mon- 
key. The curve labelled ‘‘Nembutal”’ represents the position 
of the laser spot (and eye) measured at | min intervals. Also 
shown is the approximate trajectory taken by the eye be- 
tween measurements. Predominantly horizontal drifts as 
small as | deg-arc/min and as large as 8 deg-arc/min are seen. 
Also shown is the effect of normal saline retrobulbar injec- 
tions on eye position (normal saline curve). The drift ampli- 
tudes are approximately equivalent to the Nembutal control 
conditions. The downward displacement was produced for 
clarity. The leftward displacement of the curves was due to 
mechanical deviation by forceps and the injection needle. 
About 20 min after the saline injection, Flaxedil (1 mg/kg) 
was injected into the orbits of each eye and the records for 
the left are shown (Flaxedil curve). Five min elapsed be- 
tween the injection and the first measurement to allow the 
drug to diffuse throughout the orbit. The drift amplitudes 
during the 5 min following the injection ranged from 8 to 20 
min-arc/min. During the subsequent 20 min, the range was 2 
to 6 min-arc/min. In the last 20 min, the range was 4 to 18 
min-arc/min. Note that the direction of drift was predomi- 
nantly vertical, suggesting that the diffusing paralytic 
reached the superior and inferior recti and obliques in lower 
concentrations. 

We were concerned about the possibility that the stabili- 
zation might be due to nonspecific factors such as edema, 
mechanical nerve block, etc. Figure 2 shows the results of 
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FIG. 2. Binocular eye position vs time. Nembutal control traces 
similar to those shown in Fig. 1. Lower traces show effects of retro- 
bulbar Flaxedil (2 mg/kg/eye) at 1 min intervals. Middle traces 
show the antagonistic effect of retrobulbar Tensilon (0.05 mg/kg) on 
the right eye only (5 min intervals). Paralysis is decreased in the right 
eye only. The total duration of the paralysis in the left eye is at least 
95 min from a single injection. 


another experiment which argue against such effects. The 
Nembutal control traces (not shown) were similar to those in 
Fig. 1. The F curves are measured 10 min after bilateral 
Flaxedil retrobulbar injections (2 mg/kg). The total deviation 
in 25 min of monitoring was 19 min arc, and each successive 
minute reflects movements of about 1 min arc. In these 
cases, the displacement was less than the oscillation of the 
eyes produced by opthalmic arterial pulsation (about 1.5 min 
arc). Twenty min after Flaxedil injection, the right eye was 
injected with the cholinesterase inhibitor Tensilon (T, 0.05 
mg/kg) and eye position recorded 5 min later. Comparison of 
the left eye (Flaxedil only) with the right (Flaxedil and Tensi- 
lon) suggests that the paralysis was antagonized in the right 





RETROBULBAR PARALYSIS 


TABLE | 


COMPARISON OF CELL PROPERTIES UNDER CONDITIONS OF RETROBULBAR 
PARALYSIS VS SYSTEMIC PARALYSIS 





Retrobulbar block Systemic paralysis 





1.5 (26) 
0.4 (31) 


1.1 (26) 
0.3 (31) 


Mean spontaneous OT 16.6 + 
rate (imp/s) LGN 4.8 + 


18.8 (13) 
17.7 (11) 


+ 23.4 (13) 
14.3 (11) 


Peak response OT 2 & 
rate (imp/s) LGN 3.4 2 


Surround suppression* OT 31.9+ 2.7 (10) 3.4 (10) 


(%) 
LGN 49.4 + 


.4 (10) 50.5 2.3 (10) 





*Peak response to 2° spot divided by peak response to 4’ spot multiplied by 100. 


eye only. We take this as evidence for a specific action of the 
Flaxedil on cholinergic synapses at the neuromuscular junc- 
tion. 

We have done extracellular recordings from the monkey 
optic tract and lateral geniculate nucleus in these animals 
following retrobulbar paralysis. The properties of receptive 
fields are quantitatively and qualitatively similar to data ob- 
tained from systemically paralyzed animals. A comparison 
of cell properties under both systemic and retrobulbar 
paralysis for optic tract fibers and lateral geniculate neurons 
is showed in Table 1. No marked differences were seen for 
any variable tested. We conclude that the paralytic does not 
diffuse through the ocular meninges in doses that could af- 
fect retinal synaptic function. 

A comparison of the present data (e.g., Fig. 2) with those 
of Pease [2] suggests that the present technique provides 
ocular stability equal to that of systemic paralysis. Thus, 
each method reduces eye movements to less than | min- 
arc/min. Pilot data recently collected suggests that long term 
stability is enhanced with dorsal and ventral, as well as me- 
dial/lateral injections. 

This technique has been validated on 5 monkeys to date, 
and a dose of 2 mg/kg was adequate for all animals near 3 kg. 
It is also important to monitor CO, levels for any sign of 
respiratory labor. There may be differences in systemic ab- 


j recommend that 
endotracheal intubation be performed and a respirator be 
present whenever paralytics are used. 

Successful paralysis was never accompanied by conjunc- 
tival swelling or marked exophthalmos [3]. We suspect the 
main reason for this is injection volume (we never used more 
than 0.3 ml; Richmond and Wurtz used 2.5 ml), but there are 
several other methodological differences as well. 

We have also used an indwelling cannula for paralytic 
delivery. In this case, needles are bent to the approximate 
curvature of the monkey orbit and inserted as before. Each is 
connected to a short piece of flexible tubing and a 
tuberculin syringe. The base of the needle is clamped to the 
stereotaxic device and the syringe positioned outside of the 
visual field. This procedure is somewhat more desirable be- 
cause it reduces the risk of tissue trauma caused by multiple 
injections. 

In summary, the retrobulbar paralysis technique allows 
eye stabilization equal to that of the systemic method. Com- 
binations of paralytics are likely to provide even better 
stabilization for longer periods. It is necessary to provide a 
systemic anesthetic or relaxant to prevent gross torso 
movements. However, the animal’s anesthetic state and 
comfort can be more readily assessed since withdrawal re- 
flexes are minimally compromised. 


sorption as well. For safety, we 
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Asratyan, E. A. Biographical sketch 


PROFESSOR Ezras A. Asratyan, an outstanding Russian 
physiologist and last pupil of Pavlov, Head of the Institute of 
Higher Nervous Activity and member of the Academy of 
Sciences of the U.S.S.R., died on April 23, 1981. He was 
born on May 31, 1903 in a small village in Turkish Armenia. 
In 1915 when 12 years old he escaped from the Turkish perse- 
cution of Armenia and crossed the border into Russia. Life 
was difficult, roofless, and he suffered from hunger and uncer- 
tainty. Due to great personal efforts and determination he 
succeeded at his studies at the University of Erevan where 
he obtained in 1926 a Master’s degree in agriculture. This 
was a Critical period in his life. As a student with the aid of a 
Russian-Armenian dictionary he studied the works of Pavlov 
and became fascinated with his ideas. He went to Koltushi near 
became fascinated with his ideas. He went to Koltushi near 
Leningrad to the laboratory of Pavlov and met him person- 
ally. He was accepted by Pavlov and began his training 
under his guidance. Then he returned to Erevan where he 
completed his studies at the Medical Faculty and developed 
a physiological laboratory. In 1930 he obtained a fellowship 
for the doctoral degree in the laboratory of Pavlov. Three 
years later Pavlov, aware of his scientific talents, offered him 
a permanent position. 

Although under the influence of Pavlov, Ezras Asratyan 
was from the beginning of his career developing his own 
ideas and scientific projects. Soon Asratyan became inde- 
pendent. In 1935 he became Head of the Department of Neu- 
rophysiology in the Brain Bechterev Institute and in 1936, 
Head of the Department of Physiology at Pokrovsky 
Pedagogical Institute. In 1938 he obtained the title of 
Professor and in 1939 he was elected a member of the 
Academy of Sciences of the U.S.S.R. During World War II 
he was actively involved as a doctor and treated injured 
soldiers at the Department of Physiology at Tashkent Medi- 
cal Institute where he developed the method of anti-shock 
fluid. After the war, from 1944 through 1959 as Head of the 
Medical Department of the Moscow Second State Institute, 
he organized a laboratory devoted to the development of 
rehabilitation methods of post-war trauma of the nervous 
system. In 1947 he was elected an Effective Member of the 
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Armenian Academy of Sciences. From 1950 through 1960 he 
was Head of the Department of Physiology of the Second 
Institute of Medicine in Moscow. In 1960 he became the 
Director of the Institute of Higher Nervous Activity. 

Asratyan was author or co-author of approximately 250 
publications including nine monographs. Five of the mono- 
graphs were translated into foreign languages. Some of his 
most important publications are Studies on the Physiology of 
Conditioned Reflexes (Ocherki po fiziologii uslovnych reflex- 
sov), 1970, and Studies on the Higher Nervous Activity 
(Ocherki po wysshei nervoi deyatelnosti), 1977. In these two 
books, he integrated traditional Pavlov concepts and 
theories of conditioned reflexes with new neurophysiological 
data and presented his own theories. 

It is difficult to summarize his work and ideas because he 
was interested in many problems, performed hundreds of 
experiments, developed new methods, and presented new 
theories. As a prominent Pavlovian theorist, he developed 
further the theory of conditioned reflexes, their genesis, 
formation and integration with unconditioned processes. 

His abilities as a neurosurgeon enabled him to perform 
extensive studies of cortical ablation and spinal transection 
on conditioned reflexes, other forms of behavior, and mech- 
anisms of compensation. He created the theory of the impor- 
tant role of the cerebral cortex in mechanisms of compensa- 
tion. His observations on war trauma confirmed the above 
theory and were the basis for his theories on spinal shock 
and localization of functions. 

He was always interested in conditioning, the mech- 
anisms of formation, genesis, and cortical inhibition. He was 
also interested in instrumental conditioned reflexes and the 
mechanisms of voluntary movements which for him were the 
bases of goal directed behavior. Lastly he was interested in the 
mechanisms of motivation. The basis for motivation or goal 
directed behavior was the interaction between complex un- 
conditioned reflexes (instincts) and the two-way connections 
of forward and backward conditioned connections which 
provide the basis for integrative activity of the brain. His 
most recent presentation of this theory was in 1980 in 
Budapest. 

After reorganization of the Institute of Higher Nervous 
Activity in 1960, he was especially concerned with modern 
electrophysiological methods. A number of laboratories di- 
rected by outstanding scientists in his Institute have been 
using electrophysiological methods on various problems; for 
example the mechanisms of memory, synaptic processes, 
and vision, as well as the morphology of the CNS. Under his 
guidance almost one hundred scientists obtained doctoral 
degrees. He was also always interested in the application of 
experimental results to clinical problems. He was Editor- 
in-Chief of the Journal of Higher Nervous Activity and he 
was a member of various Editorial Boards of Polish, 
Czechoslovak and American journals. He was President of 
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the Commission of Multilateral Scientific Cooperation of 
Academies of Sciences of Socialistic Countries Intermozg. 
He was member of various scientific associations such as 
IBRO, European Neuroscience, Czechoslovak Association 
of Purkynye, Pavlovian Society, Berliner Physiological As- 
sociation, Physiological Society of the Netherlands, Neuro- 
logical Association of Uruguay, and others. He received 
many medals and honors both scientific and professional. In 
1961 he obtained the gold medal prize founded in memory of 
Pavlov. 

I met him in 1958, in Osieczna, Poland when, for the first 
time after World War II, an International Conference of 
Polish, Czechoslovak and Russian neurophysiologists who 
had been working on problems of higher nervous activity of 
the brain was organized. This mixed group was a bit tense at 
the beginning but Asratyan by his humor, joy and vitality 
introduced a very friendly and happy atmosphere. I re- 
member very well his loud sincere laugh during scientific 
sessions. After that I met him many times both during Inter- 
national Conferences in USA, Holland and other western 
countries and common meetings of socialistic countries. 

He worked almost to the last moment of his life. I saw him 
for the last time at the International Congress of Physiologi- 
cal Sciences in Budapest in July 1980. He was very active 
and energetic as always and presented his theory on “‘The 
Two-way Connection as a General Neurophysiological 
Principle’’ during a joint meeting of the Hungarian Physi- 
ological Society and Pavlovian Society of America. 

He was atireless scientific worker with great intuition and 
methodological abilities. He involved himself with great in- 
tensity in everything which was true in life. His vocation and 
scientific creation was in addition to a passion for the thea- 
ter, literature, music, travel and close relationships with 
friends. He was always the ‘‘life of the party’’ and the master 
of toasts according to the Armenian tradition of *‘tamada’’ 
and also a perfect teller of anecdotes and old Armenian 
legends. 

Professor Asratyan was an excellent teacher and lecturer. 
His expressive face, his colorful manner in presenting data 
and enthusiasm for scientific ideas made his lectures ever 
lively and always exciting. 

His energy and devotion to science set a good example for 
young scientists. He always taught them scientific honesty. 
He stressed the important role of facts, carefully checked 
and on a good experimental basis. He cautioned them not to 
precipitate theories and hypotheses too soon. He was always 
interested in all new things in science, new methods, new 
ideas. His death is mourned not only by his wife and three 
sons but also by his pupils and coworkers and those all over 
the world who were impressed by his ideas as well as by his 
charming and colorful personality. Science lost a very 
passionate and original scientist when Asratyan died April 
23, 1981 in Moscow. 
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ANIMAL ACTIVITY METERS 
for rodents, fish, insects 


“OPTO-VARIMEX-3” 


re wre. = 
“4 ee 
wiskoss . 
~ en ee ee 


Separates ambulatory from stereo- 
typic movements 

Infrared beams principle (15 x 15 
beams) 

Separate Vertical Sensors. 

Plots pattern movements on X-Y Plot- 
ter. 

Interface to computer 

Perfect stability 

Large size model (1m x 1m) available 


RESPIRATION METERS 


Measures respiration rate of unre- 
strained animal. No sensors attached. 
Animal cage periodically ventilated 
on 24-hour basis with fresh air. 
Models for single or eight animals. 
Prints results every 6 minutes. 
Principle: air pressure variations. 
Can work with air or other gases. 
Apnea alarms. 

Chart recorder outputs available. 


ROTA-ROD TREADMILLS 
“ROTAMEX-V” 


For testing locomotor coordination of 
rats or mice. 


e Constant speed or acceleration elec- 
tronically controlled. 
Equipped with five automatic timers. 
Measures simultaneously five (5) 
animals 
Equipped with computer interface. 
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££ control unit 


Computerized system controls six (6) 
shuttle boxes for reflex conditioning. 
Programmable intervals. 

Prints histograms 

Each box equipped with own sound, 
light and electric stimulus. Can be 
interfaced to other computers. 





DRINKING AND FEEDING 
MONITORS 





METaL pr inn = - ls # a-+-= « S| 
Eight (8) Animals Drinking Monitor With 
Printer (also available without printer for com- 
puter interacing). Counts number of licks on 


water dispenser. Electrical conductivity prin- 
ciple. Immune to electrical interference 


Four (4) Ani- 

mals Feeding Monitor (infrared beam interrup- 
tion principle). For monitoring number of visits 
to the food dispenser and total time animal 
spends eating 





STARTLE-REFLEX METERS 
Simultaneously Monitors 
Four (4) Animals 


“RESPONDER-IV” 


For rats or mice. 
Measures precisely amplitude and 
latency of response using force plat- 


form. 
Automatically conducts experiment 


according to preset program and 
prints each result using printer. 
Acoustical and electrical stimulus 
available. 

Individually programmable space 
between stimulus and prepulse. 
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TAYLOR, G. T., J. HALLER AND D. REGAN. Female rats prefer an area vacated by a high testosterone mal 

PHYSIOL. BEHAV. 28(6) 953-958, 1982.—In each of 4 experiments, female rats were observed as they moved freely 
about an apparatus that had recently housed 2 males. The androgen levels of the males were manipulated with castrations 
and exogenous injections of testosterone propionate (TP). For the most part, female exploration times in the areas vacated 
by the 2 males did not differ. The urinary markings over the urine from the males, however, did differ. The female exhibited 
a decided marking preference for the area that had housed the male with higher titers of androgens. The preferences were 
for intact vis-a-vis castrated males, though injections of TP restored the castrates’ attractiveness to the females. When both 
males possessed reproductive levels of TP, the females preferred to mark over the urine of the male with the higher levels of 
the androgen. The reproductive advantage for the female may be the choice of a mate with more viable sperm, because 


androgens are intimately involved in spermatogenesis. 


Female choice Urinary marking Androgens 





A MAMMALIAN female contributes more to reproduction 
than a male conspecific. The evolutionary consequences are 
that males compete for females, and females play an active 
role in choosing a mate [22]. The male’s courtship behaviors 
may serve to allow a female sufficient time to select the 
‘“‘best’’ male from among the available suitors [16]. For 
example, a common observation in rodent pre-copulatory 
behaviors is that the male marks the environment when a 
female is introduced. The female displays great interest as 
she sniffs and licks the male’s urine [29], and she then may 
urinate over the male’s mark [4]. 

A necessary component in female choice of a mate is that 
the males of the species possess some variable character 
which the female can use to discriminate the best male. 
Drosophilia females can discriminate, and prefer, outbred 
males from inbred males, evidently because the males dis- 
play differently. Outbred males leave many more offspring 
[27]. Female newts, Triturus vulgaris, prefer males with a 
greater display intensity, and those males produce the higher 
rate of spermatophores [15]. Yasukawa, Blank, and Patter- 
son [36] found that a female redwinged blackbird is attracted 
to a male with a wide repertoire of songs. Those males usu- 
ally are the more sexually experienced and possess the larger 
territories. There are few comparable studies with mammals, 
though Kitchen [21] observed that female pronghorn ante- 
lopes, Antilocapra americana, prefer mates with richer feed- 
ing territories. 

In comparison with some mating systems, such as leks, 
rodent female choice is not easily observed. The male does 
the pursuing and, it seemed, the selecting of a mate. 
Nonetheless, female rodents may be more active in mate 
choice than previously recognized [23]. After the initial in- 
tromission by the male, the female rat solicits and times 
subsequent intromissions [28]. If given the opportunity, a 


female rat also may be instrumental in selecting a mate. Re- 
search is presented suggesting that female rats use concen- 
trations of testosterone (T) in male urine [12] to choose 
mates. 
METHOD 

Subjects 

The animals were 38 female 120-150 day-old Long-Evans 
rats. In addition, 76 males of the same age and strain served 
as urine donors. Each animal was housed individually with 
freely available food and water, and the lighting was on a 
12/12 hr day-night cycle. Temperature was maintained at 
20-22°C. Finally, all the animals were sexually experienced, 
though not with the other rats used in the research. 


Apparatus 


Three 913125 cm rectangular galvanized steel mesh 
structures were placed on separate wooden tables in rooms 
separate from the colony rooms. Removable wooden parti- 
tions divided each apparatus into four equal size com- 
partments. Latch doors were located on the fronts of each 
compartment. Large sheets of filter paper (Fisher Scientific, 
E-D #7) that measure 50.8 cm square were placed under the 
apparatus to collect urinary marks. A hand-held black light 
lamp (Spectrolline, Model #X-4) was used to recognize urine 
[3] and a flat piece of 1.26 cm hardward cloth was used to 
count the marks. Hand operated stop clocks were used to 
measure time preferences. 


Procedure 


Male urine donors. The apparatus was prepared for the 
male rat urine donors by inserting the partitions, laying the 
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filter paper, and dimming the room illumination. A male was 
placed in one of the end compartments, and another male 
was placed in the other end compartment. This order was 
randomly switched each day, and the middle compartments 
were always empty. 

Males remained for 1-hr and were removed. The appara- 
tus was carefully lifted, and the filter paper was removed to 
be analyzed later. Feces were discarded. 

Female choice. New filter paper was placed under the 
apparatus, and the partitions were removed. A female rat 
was allowed free access to the entire apparatus for 20 min. 
Areas vacated by males, rather physical interactions with the 
male, were used since other social behaviors, most notably 
aggression [34], could confound female choice. Stop clocks 
recorded the female’s exploration times in each half of the 
apparatus. The middle compartments were included in the 
behavioral measures because the female could sniff an end 
compartment while her body was in the middle area. 

At the end of the trial, the female was removed, and a 
vaginal smear was obtained. Sheets of filter paper from both 
males and the female were measured for distribution of uri- 
nary marks. Though we had no direct measure of urinary 
volume, the action of urine on filter paper provided some 
indication of density. A voluminous deposit was absorbed 
and spread on the filter paper, and the distribution counts 
were affected. Hardware cloth was positioned over the 
paper, and each square that showed a trace of urine under 
the black light was counted as a mark. 

A female subject was always exposed to the same pair of 
males each day. Also, the apparatus was washed with soap 
and water and allowed to air dry prior to the next trial. 
Animals were given 10 trials on separate days. 

Castrations and TP therapy. Of the 76 males, 50 were 
randomly selected for castration. The operations were per- 
formed under ether anesthesia, and the animals were allowed 
a week recovery period. Each castrate in Experiments 3 and 
4 received a daily injection of TP (Sigma Chemical Co. No. 
T-1875) in olive oil, 200 4g/0.1 ml oil. A 200 wg dosage of TP 
is sufficient to restore androgen-dependent social behaviors 
in castrated male rats [1,30]. Intact males received a sham 
injection of only olive oil. Injections were done | hr prior to 
placing the males into the apparatus. 


Experiment | 


If a female rat selects a mate on the basis of the males’ 
hormonal output, the basic requirement is thai she is capable 
of discriminating reproductive from non-reproductive males. 
Carr and associates [6,7] have reported that, indeed, female 
rats prefer the odors of intact over castrated males, though 
the relationship of preference to her estrous cycle is less 
clear [5,10]. In the first experiment each of 12 females were 
allowed to choose between areas recently housing an intact 
or a castrated male. Twelve intact and 12 castrated males 
were used as urine donors. 


Experiment 2 


Gawienowski et al. [12] have suggested that female rats 
respond to the presence of androgens, perhaps an 
androgen-dependent pheromone, in male rat urine. And, 
females do respond differently to castrated and intact males 
[7]. The females may be using quantity of urine, rather than 
its quality, as the discriminate stimulus for mate choice. 
Richards and Stevens [32] found that male rats were more 
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likely to investigate paper containing higher, as opposed to 
lower, concentrations of urine from the same donor male. 
Female rats may be doing the same. 

For the second experiment, 6 experimentally naive 
females, 6 intact, and 6 castrated male urine donors were 
used. The only difference in the procedure from the first 
experiment was that the castrated males were left in the 
apparatus for 1-hr, while the intact males remained there half 
as long. The results of pilot research had suggested that the 
extra 30 min for the castrates eliminated the differences in 
quantity of marking by the male donors. 


Experiment 3 


In the third experiment, 8 castrated urine donors received 
daily exogenous injections of a physiological dosage of TP, 
200 ug in 0.1 ml oil. Eight intact males were also used as 
urine donors for the 8 experimentally naive females. The 
experiment was designed to investigate the capacity of hor- 
mone restoration therapy to restore the female’s attraction to 
a castrated male. 


Experiment 4 


Investigations of female choice for intact vis-a-vis cas- 
trated males may be an artificial comparison. Surely, it is a 
rare female in nature that must choose between a male with 
the usual titers of androgens and one functionally without 
androgens. An example of the latter may be pre-pubertal 
males [35], though we know very little about adult female's 
sexual responses to juveniles. A more realistic choice for the 
female involves adult males with differing levels of 
androgen. 

The final experiment used 12 females and 24 castrated 
males. Half the males received the 0.1 ml TP injection used 
in Experiment 3, and the other males received a 4-fold in- 
crease with a 0.4 ml (800 ug TP) injection. Each female, 
consequently, chose between castrates with differing, but 
suprathreshold, levels of TP. 


RESULTS 
Exploratory Times 


There were two measures of the female’s responses to the 
urine left by castrated and intact males. The first measure, 
time of exploration, was simply the number of minutes the 
female spent on each side of the apparatus, as determined by 
the position of her snout, during the 20 min daily experi- 
mental session. The mean amount of time on each side by the 
females in the 4 experiments was calculated, and the results 
appear in the first figure. 

Experiment 1.Statistical analyses of exploration times 
over all days for the females in the first experiment was 
performed. A chi square test was used, and the results 
proved statistically nonsignificant, y7(1)<1, N.S. Most 
females did, indeed, divide time equally each day between 
the two males; no female exhibited greater than a 56% pref- 
erence for one side or the other. 

Experiment 2. Again, a chi square test on exploration 
times over all days was performed. The results yielded a 
nonsignificant value, x*(1)=1.71, N.S. 

Experiment 3. The chi square test of the exploration times 
revealed a nonsignificant value, y*(1)<1, N.S. 

Experiment 4. The only statistically significant difference 
in exploration times, with the present paradigm, was in the 
fourth experiment, y?(1)=4.88, p<0.05. All 12 females spent 
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FIG. 1. The exploration times spent by female rats in areas vacated by intact or castrated males (Experiment 1A), intact or castrated males 
equated for quantity of urine (Experiment 2B), intact or 200 wg TP restored castrated males (Experiment 3C), and 200 wg TP restored 


castrates, .1, or 800 wg TP restored castrates, .4, (Experiment 4D). 


more time, during the 10 experimental sessions, on the side 
of the apparatus that previously housed the high 
testosterone-injected males. 


Urinary Markings 


Experiment 1. The second measure of preference was the 
females’ urinary marks in each of the two sides of the appa- 
ratus. Markings were quantified as the number of squares on 
a sheet of 1.26 cm hardware cloth under which a trace of 
urine could be detected with the black light. The mean 
number of marks on each side for the females was calculated 
and appear as Fig. 2. 

A 2x10 analysis of variance was performed with male 
urine, castrated or intact, over days as the main factors. The 
results revealed a _ statistically significant value, 
F(1,220)=23.41, p<0.01, for the male urine factor. Post hoc 
analyses with Scheffe’s test (p<0.05) indicated that the 
females marked more on the intact males’ side every day. 

Estrous cycles were monitored in the females. A mean 
number of marks was calculated for each female when she 
was in estrus and anestrus. Though the females appeared to 


mark slightly more during anestrus than estrus, 239 vs 219, 
respectively, the differences proved statistically non- 
significant, 1(22)=1.48, N.S. 

Finally, male urinary marks were systematically re- 
corded. There are data (Price, [31]) suggesting that intact 
males will mark more frequently than castrated males. The 
mean number of marks over all days were 508 for the intact 
and 339 for the castrates. These differences were statistically 
significant, 7(22)=2.65, p<0.01. 

Experiment 2. A 2X10 factorial analysis, with male urine 
and days as the main factors, yielded a significant male urine 
effect, F(1,100)=11.04, p<0.01. Post hoc analyses (Scheffé, 
p<0.05) revealed that the females marked more over the 
intact males’ urine than the castrates on every day. These 
differences in female urinary marks were not a function of 
the quantity of male urine in an area. The mean daily mark- 
ings by intact and castrated males were 283 and 242, respec- 
tively, and those differences were not statistically signifi- 
cant, 1(10)=1.30, N.S. 

Experiment 3. A 2X10 factorial analysis of female urinary 
patterns indicated nonsignificant differences for the male 
urine factor, F(1,140)=2.61, N.S., and for the days factor, 
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FIG. 2. Urinary marks by females in areas previously housing intact or castrated males (Experiment 1A), intact or castrated males equated for 
quantity of urine (Experiment 2B), intact or 200 ug TP restored castrated males (Experiment 3C), and 200 ug TP restored castrates, .1, or 800 


ug TP restored castrates, .4, (Experiment 4D). 


F(9,140)<1, N.S. The interaction of the two factors was sig- 
nificant, F(9,140)=2.08, p<0.05. The analysis of simple main 
effects indicated that the females’ urinary markings differed 
on Days 4, 7, 8, and 9. However, the direction of the prefer- 
ence was equally distributed on those days between a prefer- 
ence for the areas vacated by an intact and a “‘restored”’ 
castrate. Some days she preferred the restored castrate and 
some days the intact male. 

Restoration hormonal treatment also restored the cas- 
trated males’ marking behaviors. The daily means, calcu- 
lated for all 10 days, were 558 marks for the intacts and 517 
for the restored castrates. These differences were statisti- 
cally nonsignificant, 1(14)=1.64, N.S. 

Experiment 4. The 2x10 factorial analysis of female uri- 
nary marks, with male urine and days as the main factors, 


revealed statistically significant differences. The interaction 
of main factors was significant, F(9,220)=6.02, p<0.01. 
Analyses of simple main effects indicated that the female 
marked more frequently in the presence of the 0.4 ml male 
urine donors than of the 0.1 ml male urine donors on every 
day, except Days | and 8. These differences were not a 
product of quantity of male urinary marks, for the lower T 
males marked similarly to the high T males; daily means 
were 441 and 480, respectively. These differences were 
statistically nonsignificant, #(22)<1, N.S. 


DISCUSSION 


The results of the four experiments suggest that female 
rats respond differentially in the presence of areas previously 
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housing males that differ in androgen levels. The clearest 
findings were the data for female urinary marks. The females 
appeared to make a relative judgment [18] and then marked 
over the male’s odors containing the higher concentrations 
of androgens. 

Exploratory times were less clear than the urinary mark- 
ing data. The females of Experiment 4 preferred to remain on 
the side of the apparatus previously housing males with un- 
usually high levels of exogenously injected TP. But, the bulk 
of the evidence indicated that the females divided their time 
equally between the two male areas. One would expect few 
differences in exploratory times if the female was actively 
and continuously monitoring male urine. 

The Ist experiment confirmed the findings [7] that a 
female rat is capable of discriminating, throughout her es- 
trous cycle, areas vacated by intact vis-a-vis castrated males. 
The females prefer the reproductive male and sexually ad- 
vertise [33] with considerably more urinary marks in the 
presence of the intact male [4]. Data from the 2nd experi- 
ment indicate that female rats respond to the quality, rather 
than the quantity, of the male’s urine. The suggestion is that 
a female is sensitive to the concentration of circulating 
androgen in male urine, and a castrate is less interesting 
because he has only the small amounts of adrenal androgens 
[24]. Daily injections of a physiological amount of TP to the 
castrates of Experiment 3 restored the female’s interest, and 
marking behaviors, in that male. Indeed, the TP-restored 
castrates were equally attractive as intact males. 

Our methodology prevents us from being certain that the 
females were responding to urinary odors or that injected 
amounts of TP were accurately reflected in the male’s cir- 
culating testosterone levels. Still, the data suggest that 
female rats use an androgen-dependent pheromone [12] re- 
leased in the male’s urine to discriminate among potential 
mates. Though this would seem to be a subtle discrimination 
for a rat, other mammals are capable of similar responses. 
Male dogs can detect, and prefer to approach, the urine of 
females with high titers of circulating estrogens [9]. Possibly 
even more remarkable is the ability of male laboratory mice 


selectively preferring females with heterogenous _his- 
tocompatibility antigens for an immunological response 
[17]. 

Probably the most interesting comparison in the present 
research was made in Experiment 4. Male rodents exhibit 
wide variability in testosterone production [2,25]. For 
example, sexually experienced male rats experience heavier 
testes weights and higher plasma testosterone levels than 
sexually naive adult males [19]. Female rats prefer to physi- 
cally interact with sexually experienced males [13], and sex- 
ually experienced females prefer the odors of experienced 
males to virgin males of the same age (Manuscript in prep- 
aration). 

In Experiment 4, we attempted to mimic these effects 
using castrates with differing, but supra threshold, levels of 
injected TP. The lower concentration, 200 ug, is capable of 
restoring males to pre-castration levels of social behaviors 
({1], Experiment 3 of the present research). The higher con- 
centration was a 4-fold increase of the same TP solution. The 
female rats clearly preferred the area vacated by the male 
with higher levels of the androgen. 

Females may gain a reproductive advantage by choosing 
a male with increased levels of androgens. Increases in tes- 
tosterone may facilitate penile erections [14], copulatory be- 
haviors [26], and successful fertilization of embryos [11]. 
This effect could be mediated by the intimate relationship 
between androgen levels and spermatogenesis [8,20]. 

In summary, a feral female rat is sure to confront various 
reproductive males as she moves about her home range, but 
her suitors are also likely to differ in titers of circulating 
androgens. Our results suggest that she would prefer the 
higher testosterone male. 
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LEVINE, A. S., G. L. WILCOX, M. GRACE AND J. E. MORLEY. Tail pinch induced consummatory behaviors are 
associated with analgesia. PHYSIOL. BEHAV. 28(6) 959-962, 1982.—Pinching the tail of a rat results in a set of consum- 
matory behaviors including chewing, eating and licking. In the present study, the effect of tail pinch on pain thresholds was 
evaluated using the hot-plate and writhing tests. Continuous tail pinch resulted in chewing and markedly lengthened the 
latency to hind-paw licking and jumping (hot-plate test) when compared with control rats and totally eliminated writhing 
behaviors. Tail pinch (which induced chewing) for one minute prior to the analgesic testing also prolonged the latency of 
hot plate-induced behaviors and suppressed the number of writhing behaviors. Naloxone reversed the tail pinch induced 
analgesia as measured by the hot-plate test, but did not reverse tail pinch-induced analgesia as measured by the writhing 


test. 
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SEVERAL lines of evidence suggest that the endogenous 
opiates are involved in the intiation of feeding, as well as 
elicitation of analgesia. It has been reported that central ad- 
ministration of beta-endorphin [8], dynorphin [11, 24, 31] 
and D-ala-met-enkephalin [30] results in spontaneous food 
consumption in rats. Also, opiate blockade by naloxone de- 
creases feeding in food deprived animals [5], during stress- 
induced eating [17,22], after muscimol-induced eating [23] 
and in animals responding on operant schedules for food 
reinforcement [10]. Recently, it has been reported that food 
deprivation in the rat results in significant analgesia [18] 
which can be diminished by naloxone. As it is well accepted 
that administration of opiates results in analgesia [4,21] as 
well as the induction of feeding, it is intriguing to speculate 
that both of these phenomena may be mediated in part by 
endogenous opioid release. 

Mildly pinching the tail of a rat results in a set of con- 
summatory behaviors including eating, chewing and licking 
{2, 3, 13]. This model of stress-induced eating has been re- 
ported to involve activation of the endogenous opiates 
[17,22]. Since other stressors have been reported to induce 
analgesia [1, 9, 19, 32], we decided to investigate if tail pinch 
induced feeding would be accompanied by analgesia. If 
opiates from a ‘‘common-link’’ between feeding and 
analgesia one would expect opiate analgesia to occur during 
tail pinch induced eating. In the present study we report that 
tail pinch results not only in consummatory behaviors in the 
rats but also in simultaneous analgesia as measured by the 
hot-plate and writhing tests. 


METHOD 


Animals 


Male Sprague-Dawley rats (Biolab, St. Paul, MN) weigh- 
ing 100-200 g were used. All animals were housed in a light 
controlled room (lights on 0700-1900 hr) with free access to 
Purina rat chow and water ad lib. 


Hot-Plate Test 


The hot plate test is a commonly used assay of the anal- 
gesic efficacy of drugs and it samples highly integrated es- 
cape responses to noxious stimuli [9]. The apparatus used for 
this analgesic test consisted of a circular copper platform 
maintained at a constant temperature of 55°C by a thermo- 
statically controlled circulating water bath (LabLine Instru- 
ments, Melrose Park, IL). A circular Plexiglas cylinder en- 
closed the base of the hot plate to inhibit rats from escaping 
the test arena. Rats were dropped onto the platform and the 
latency to the licking or lifting of a hind-paw or vigorous 
jump was recorded. If jump occurred prior to lifting or lick- 
ing of the hind paw, the latter behaviors were given the same 
latency as the jump. In the absence of these behaviors the 
trial was terminated after 40 sec. Post test behavior was 
quantified as a percent of control for each animal as follows: 
15 minute post test-latency (sec)/baseline test latency (sec) x 
100. 


Writhing Test 


The NaCl induced writhing test [6] was used as another 
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means of evaluating analgesia. Briefly, rats were removed 
from their home cage and placed in a plastic box. Hypertonic 
saline (4% NaCl, | ml/kg) was injected intraperitoneally in 
each animal twice. At least 30 minutes elapsed between the 
baseline and post-test injections. Animals showing no re- 
sponse to the first injection (less than 10% of those tested) 
were excluded from the experiment before the experimental 
treatment [6]. A positive writhing response consisted of at 
least one wave of constriction and elongation passing caud- 
ally along the abdominal wall. This wave was at times ac- 
companied by a twisting of the trunk followed by extension 
of a hind limb. We recorded the latency to the writhing re- 
sponse, the number of writhing responses within 90 seconds 
of the injection and the occurrence of a retching type of 
behavior. Post test behavior was quantitated as a percent of 
baseline as described for the hot-plate test. 


Tail Pinch Procedure 


Tail pinch behaviors were induced as previously de- 
scribed [13] using a MacBick clamp (Murray Hill, NJ). Tail 
pinch was conducted in the presence of hickory wood chips 
(Kingsford, Louisville, KY), except where noted. 


Experimental Design 


Naive rats were used in the following experiments 
(n=10/group) using the hot plate test: 1. Control group (C): 
Baseline hot-plate test followed by a post-test 15 minutes 
later with no manipulations. 2. Tail pinch induced group 
(TP-I): Rats in this group received a tail pinch trial in the 
presence of wood chips 15 minutes after the baseline trial. 
Following induction of chewing behavior rats were placed on 
the hot plate while the investigator continued to apply pres- 
sure to the tail while they had continuous access to chips. 3. 
Tail-pinch group (TP): Following a baseline trial, MacBick 
clamps were placed on the rats’ tails and the rats were im- 
mediately dropped onto the hot plate. No wood chips were 
offered to the rats during this trial. 4. Pre-trial pinch group 
(P-TP): 15 minutes following a baseline trial, rats were tail 
pinched in the presence of wood chips for a 1 minute period. 
After this 1 minute tail pinch trial rats were immediately 
dropped onto the hot plate. Also, naloxone (NLX) (2 mg/kg) 
was administered to rats (10/group) following a baseline trial 
without tail pinch (BT) or following a TP-I, TP or P-TP hot- 
plate trial. Fifteen minutes later, rats were retested for the 
BT, TP-I, TP and P-TP groups. 

An identical paradigm was used in naive rats to assess the 
effects of tail pinch on the saline-induced writhing test. The 
‘*n’’ for each group is given in Table 2. 


Statistics 


Due to the lack of homoscedasticity, data was trans- 
formed to logarithms and subjected to a one-way ANOVA 
followed by a least significance post-hoc test. All results are 
expressed as the mean+S.E.M. 


RESULTS 
Hot Plate Experiment 


The mean baseline latency to lifting or licking of the rear 
paw (n=50) was 7+0.2 seconds and for jumping was 13+1 
second. Tail pinch resulted in an increased hind paw latency 
in the TP-I, TP and P-TP groups compared to the control 
groups (Fig. 1). The tail-pinch induced increase in hind paw 
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FIG. 1. Effect of tail pinch induced chewing on hot plate induced 
behaviors (expressed as a % of baseline). **p<0.001, *p<0.05, 
*p<0.01. F=10.8 (3,36) hind paw; 4.6 (3,36) jump. 


TABLE | 


EFFECT OF NALOXONE ADMINISTRATION ON TAIL PINCH 
INDUCED ANALGESIA TO THE HOT PLATE TEST 





Latency 
Jump (sec) 


Latency to 
Hind Paw Lick (sec) 





TP-I 2+ 1 29 + 
TP-I + nlx 7:3 i7 + 31 
TP + 2 ee 27 +2 
TP + nlx 11 3° 17 + 
P-TP 92:3 33 + 
P-TP + nlx Fe a Pt 





F=10.0 (5,54) Hind Paw; 4.1 (5,54) Jump. Administration of 
naloxone following a baseline trial without tail pinch did not signifi- 
cantly alter the baseline control value, (hind paw: 8 + 1 (baseline) vs 
9 + 1 (naloxone) sec; jump: 12 + 3 vs 14 + 1 sec). 

*p <0.001 (Compared to tail pinch trial without naloxone). 

*p<0.01 (Compared to tail pinch trial without naloxone). 

tp<0.05 (Compared to tail pinch trial without naloxone). 


latency in all groups was reversed by administration of 
naloxone (Table 1). Compared to the control group, the la- 
tency to the jump response was increased in the TP-I and 
P-TP group but not in the TP group. The increase in jump 
latency in all groups was reversed by prior administration of 
naloxone. 


Writhing Experiments 


In baseline trials (n=38), the mean number of writhing 
behaviors was 11+2, and the mean number of retches was 
6+1. Continuous tail pinch throughout a hypertonic saline 
writhing test (in the presence or absence of wood chips) 
diminished the writhing behaviors (Table 1). A one minute 
tail pinch prior to the saline test significantly suppressed 
writhing behaviors. 

Naloxone did not reverse the analgesia induced by tail 
pinch during the hypertonic saline test. (Number of writhing 
behaviors: TPI: 0 (no naloxone) vs 2+2 (plus naloxone); TP: 
0 vs 0; PTP: 3+1 vs 2+1. Number of retching behaviors: 
TPI: 0 vs 0; TP: 0 vs 0; PTP: 2+1 vs 3+1). Administration of 
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TABLE 2 


EFFECT OF TAIL PINCH INDUCED CHEWING ON HYPERTONIC 
SALINE-INDUCED WRITHING BEHAVIOR 





Number of 
Retching 
Behaviors 

(% Baseline) 


Number of 
Writhing 
Behaviors 

(% Baseline) 





Control 10 84 + 11 82 + 16 
TP-I 7 0* 
TP 10 0* 


P-TP 10 18+ 8* 





F=35.8 (3,33) Writhing Analysis; 27.3 (3,33) Retching Analysis. 
*p<0.001. 


naloxone following a baseline trial without tail pinch did not 
significantly alter the baseline control values. (Number of 
writhing behaviors: 8+1 (baseline) vs 8+1 (naloxone); 
number of retching behaviors: 2+1 vs 2+0.4). 


DISCUSSION 


In the present study we examined the effect of tail pinch, 
in the presence or absence of wood chips, on nociception. 
Continuous tail pinch with or without a ‘“‘gnawable sub- 
strate’’ resulted in significant analgesia as measured by both 
the hot plate test and writhing test. This suggests that the 
presence of a ‘“‘gnawable substrate’’ was not a necessary 
prerequisite to evoke analgesia. Since a one minute tail pinch 
prior to the tests of analgesia also resulted in analgesia, it 
appears that the tail pinch itself may not result in analgesia, 
but rather that some agent may be released due to the tail 
pinch and thereby resulted in analgesia. 

We have recently hypothesized that mild tail-pinch re- 
sults in the release of endogenous opiates which is related to 
food ingestion but not necessarily to the gnawing response 
[14,25]. This hypothesis is based on the observation that 
administration of naloxone suppressed feeding behavior in 
tail pinched rats [17,22] but not chewing [26]. The present 
study further supports the idea that opiates may be released 
during tail pinch since tail-pinch induced analgesia was re- 
versed by the opiate antagonist, naloxone, in the hot plate 
test. However, it appears that factors other than simple 
opiate release may be involved in tail pinch induced 
analgesia as measured by the writhing test. The involvement 
of non-opioid, as well as opioid mechanisms in stress- 
induced anlagesia is supported by several lines of evidence. 
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Analgesia elicited by foot shock [9,28], centrifugal rotation 
[9] or hypertonic saline in rats [9] and by hypnosis in humans 
[7] is presumably mediated by mechanisms different from 
endogenous opioids as these forms of analgesia are not re- 
versed by naloxone [28]. However, failure of naloxone to 
reverse analgesia due to various stresses cannot completely 
rule out opiate involvement since opiate receptors with low 
affinity for naloxone have been described [16]. 

In humans there is considerable evidence to show that 
brief and mildly painful stimulation is capable of bringing 
about relief of severe pain for durations that outlast the 
period of stimulation [19]. Furthermore, neurophysiological 
studies in the rat have shown the activity of convergent dor- 
sal horn nociceptive neurones was inhibited by noxious 
stimuli applied to various parts of the rat, while non-noxious 
stimuli were ineffective [12]. Hayes, et al. reported that nox- 
ious stimuli are sufficient but not necessary to produce a 
non-narcotic analgesia; stress alone, however, is not always 
sufficient to produce this analgesia [9]. The mild tail pinch 
used in this study (which induced gnawing) may represent a 
noxious stimulus, rather than simply a stress, which 
produces a powerful analgesic effect. The consummatory 
behaviors which accompany tail pinch were originally said to 
be due to mechanisms not involved in nociception or its 
modulation [2,3]. In contrast, the present study and other 
data [14, 17, 18, 29] suggest that tail pinch may perhaps 
represent a noxious stimulus which activates neuronal 
nociceptive systems, elicits release of endogenous opiates 
and non-opiate substances and results in consummatory be- 
havior. 

This study lends support to the hypothesis that feeding 
behavior and analgesia may be linked. At the onset of this 
study, we felt that the endogenous opiates represented a 
common agent involved in feeding and in the central nervous 
system response to noxious stimuli. The present study 
suggested that components other than the endogenous 
opiates may be involved in the response to tail pinch. 

This study has shown that tail pinch produces analgesia 
and that gnawing is correlated to tail pinch but not necessar- 
ily caused by the same opiate pathways as the analgesia. It is 
well known that brief foot shock produces non-opiate 
analgesia and prolonged shock produces an opiate effect 
suggesting a recruitment of opiate systems as the intensi- 
ty/duration of stress increases [15]. This would be similar to 
the tail pinch situation in which gnawing appears to be a 
lower ‘‘intensity’’ response than actual eating [14] and that 
gnawing may involve non-opiate mechanisms whereas eating 
seems to be opiate related [25]. Further studies are necessary 
to more fully define the exact interrelationships of opiate and 
non-opiate mechanisms in the analgesia, gnawing and feed- 
ing responses to tail pinch. 
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CLARK, R.G. AND M. F. TARTTELIN. Some effects of ovariectomy and estrogen replacement on body composition in 
the rat. PHYSIOL. BEHAV. 28(6)963-969, 1982.—Sprague-Dawley rats were ovariectomized (OvX) at 3 ages, day 2 (D2), 
week 4 (W4) and week 7 (W7); a group of OvX W7 rats were treated daily with estrogen (OB; 2 wg for 2 or 5 weeks from 10 
weeks of age). Rats were slaughtered at 4 ages, weeks 7, 9, 12 and 15, for the chemical analysis of carcass and skin. 
Chemical compositions were analysed as % wet weight and as component weights by two-way analysis of variance. 
Component weights were also analysed by allometry, regressing against nose-anal length. Ovariectomy increased overall 
body weight without causing obesity. The weight gain of the OvX rat was mainly a true growth response but OvX affected 
body proportions so that at a given body length the OvX rat had a larger skin and carcass than controls. Ovariectomy at the 
earliest age (D2) produced the smallest response in body weight and body length but produced the greatest fat redistribution 
towards the skin and away from the carcass; there was no net change in whole body fat levels following OvX. Long-term 
daily OB treatment increased fat reserves but slowed the growth of other body components, including the axial skeleton. 
Whereas OvX redistributed components between skin and carcass, OB treatment reversed this process. 


Ovariectomy Estrogen Body composition 


Fat distribution 


Allometry Body growth 





THE increased body weight (BWt) of the ovariectomised 
(OvX) laboratory rat has been attributed to the development 
of obesity [14, 22, 31]. This conclusion probably originated 
from Stotsenburg [27] and Slonaker [25] who both stated that 
OvX rats were obese even though data from chemical 
analyses were not presented. However, chemical analysis of 
body composition has produced conflicting results. For 
example, compared to intact rats, the weight of body fat in 
OvX rats, as a percentage of BWt, has been reported as 
being increased [17,26], decreased [9] and unchanged [2, 12, 
21, 23). 

Estrogen is the principle ovarian hormone affecting rat 
BWt [29,30] so it is a logical progression from the conclusion 
that OvX increased both body fat and BWt to Kennedy’s [14] 
statement that estrogen treatment in young rats will reduce 
body fat. However, there is much evidence to show that 
doses of estrogen near the physiological range increase the 
percentage of body fat [7, 16, 18, 21]. There is also in vitro 
biochemical evidence that estrogen can have a lipogenic ef- 
fect [10,34]. These results obviously require verification as 
the assertion that OvX increases body fat and estrogen 
treatment decreases body fat has been used to support ideas 
on the mechanisms controlling energy balance [32]. 

Holt et al. [12] could show no change in body composition 
following OvX so they attributed the increased BWt to in- 
creased growth. This conclusion was supported by Tang 
[28], Grunt [11] and Nyda er al. [21] who noted either an 





increase in bone or body length in OvX rats. The possibility 
that an increased body length could explain the increased 
BWt in the OvX rat was not considered by Wade [31,32]. 
However, Kennedy [15] stated that the nature of the BWt 
increase following OvX seemed to be governed by the stage 
in development reached at the time of OvX. 

In the above studies rats were OvX at widely differing 
ages but no consistent change in body composition with age 
at OvX is apparent, an inconsistency which could be ex- 
plained by differences in both the ages at slaughter and the 
intervals between OvX and slaughter. 

The present experiment was designed to study the effects 
of both age at OvX and age at slaughter on body composition 
by OvX at 3 ages and slaughter at 4 ages. To reduce the large 
between-animal variation in body compositional data ap- 
proximately 30 rats were allocated to each OvX group, 
necessitating the development of a rapid procedure for the 
processing and analysis of tissues [4]. 

The relative growth of body parts in the rat can be 
analysed by allometry [13]. Allometry was therefore used to 
study the shape or form of the body following OvX or estro- 
gen treatment. 


METHOD 


Female Sprague-Dawley rats of the Simonsen strain were 
bred at Massey University. Litters were adjusted soon after 
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birth to 10 pups per dam and randomly assigned to treatment 
and slaughter groups. The experimental design is given in 
Table 1. 

Rats were OvX at three ages, day 2 (D2), week 4 (W4) and 
week 7 (W7), by a conventional surgical procedure using 
hypothermia at D2 and ether at later ages for anaesthesia. 
Control rats were subject to full sham surgery at each age, 
but due to their body weight responses [6] and compositions 
being similar, these three sham groups were pooled into one 
control group. A group of rats OvX at W7 were given daily 
injections of estradiol benzoate (OB; 2 wg in 0.05 ml arachis 
oil), in the nape of the neck, from 10 weeks of age for either 2 
or 5 weeks before slaughter: a control group were injected 
daily with 0.05 ml arachis oil. After weaning, at 3 weeks of 
age, rats were randomly distributed amongst 10 large colony 
cages in a light and temperature controlled room (14 hr light, 
lights off at 7.00 p.m.; temperature 24°C + 1°C). A pelleted rat 
diet and tap water were offered ad lib. Completeness of OvX 
was checked at slaughter by visual inspection for ovarian 
remnants and by analysis of uterine weights. 

Prior to slaughter, whilst the rats were deeply 
anaesthetised with ether, nose-anal lengths were measured, 
in triplicate, by one investigator. Rats were then slaughtered 
by decapitation. Hair was clipped and discarded. The skin, 
including the paws, was removed and immediately weighed. 
The inguinal, retroperitoneal and gonadal fat depots were 
dissected free, blotted and weighed. The gut was emptied of 
its contents and weighed. The carcass, including the head 
and tail, was weighed and then combined for further process- 
ing with the gut and all the organs except the liver, pituitary 
and the three fat depots listed above. 

The skin and carcass were separately processed and 
analysed by the method of Clark and Tarttelin [4]. Briefly, 


this involves homogenising the autoclaved tissue, freeze- 
drying, oven-drying, weighing (to obtain the dry matter) and 
then grinding to a fine powder before storage in air-tight 


bottles. Lipids were extracted by a _ methanol:water: 
chloroform partition procedure. Ash was determined by 
firing tissue aliquots in a muffle furnace. Protein was esti- 
mated as the difference between the dry matter and the ash 
plus fat: the validity of this estimation was verified by prior 
experimentation [4]. individual fat depots were analysed by 
techniques similar to those used for the carcass and skin. In 
the present study, wet weights and component weights for 
the retroperitoneal and gonadal depots were added to the 
carcass weights and the inguinal depot weights were added 
to the skin weights. 


Biometrical Methods 


It was demonstrated for BWt data from the present exper- 
iment [6] that a logarithmic transformation removed heteros- 
cedascity. For analysis of variance tissue component 
weights for skin, carcass and whole body were similarly 
transformed to a two-parameter log scale [1]. On the original 
scale, mean nose-anal length and standard deviation were 
unrelated. 

The convenient methods previously used for the analysis 
of BWt [6] could not be used for body length or tissue weights 
as these measurements were made only once in each indi- 
vidual, at slaughter. The analysis of this data was further 
complicated by imbalance in both the number of classes 
and the number of observations within the classes (see Table 
1). Results were analysed by two-way analysis of variance 
partitioning the variation due to treatment, age, and their 
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interaction. Significant mean squares were then sub-divided 
into four comparisons, each with a single degree of freedom, 
between the five treatment groups. The first of these com- 
parisons between groups was based on the hypothesis that 
estrogen treated and control groups should be similar (thus 
control rats were compared to OvX-OB rats); therefore 
animals exposed to estrogen were compared to animals lack- 
ing estrogen (thus control plus OvX-OB groups were com- 
pared to all OvX groups). The effect of age at ovariectomy 
was gauged statistically by testing for a linear response with 
age at ovariectomy (OvX D2 rats compared to OvX W7 rats) 
and a non-linear or quadratic response (OVX W4 rats com- 
pared to OvX D2 plus OvX W7 rats). 

The skin and carcass compositions were also analysed 
using the untransformed data expressed as percentages. 

For the allometric regressions an analysis of variance for 
replicated regressions in a one-way classification [1] sepa- 
rated the variation due to position, non-parallelism and er- 
ror. For illustrative purposes, 95% confidence limits about 
the regression lines were computed and are plotted, at 2 cm 
length intervals, as vertical bars on the illustrations. 


RESULTS 
Body Weight 


The results for weekly body weights have been fully de- 
scribed elsewhere [6]. The body weights at slaughter are 
given in Table 1. Body weight was increased following OvX 
and this increase was restrained by OB treatment. Animals 
OvX at D2 were significantly lighter than animals OvX at 
W7, F(1,43)=9.49, p<0.005, but animals OvX at W4 were 
heavier than the pooled OvX D2 and OvX W7 groups, 
F(1,67)=6.00, p<0.025. In other words, there was a similar 
BWt response to OvX at W4 and W7; the response at D2 
being comparatively smaller. 


Body Length 


From Table | it can be seen that OvX rats had greater 
nose-anal lengths than control and estrogen treated rats, 
F(1,79)=32.50, p<0.001. OvX D2 groups were smaller than 
OvX W7 animals, F(1,43)=16.27, p<0.001, whereas the 
OvX W4 groups were longer than the combined OvX D2 and 
OvX W7 groups, F(1,67)=12.76, p<0.001, indicating a simi- 
lar response to OvX at W4 and W7. OvX W7 animals treated 
with estrogen had nose-anal lengths that were not signifi- 
cantly different from those of controls. 


Constituent Weights 


Tables | and 2 give the means and their standard errors 
for the variables of chief interest. 

Following OvX the absolute weights of all skin, carcass 
and whole body components were significantly increased 
compared to the control and OB treated rats, except for the 
weight of carcass fat which was unaffected by OvX. 
Likewise, estrogen treatment resulted in all measures of ab- 
solute weight being similar to those of controls except for the 
weight of carcass fat which was significantly increased by 
OB treatment, F(1,33)=7.67, p<0.01. 

The smaller body weights of OvX D2 rats compared to 
OvX W7 rats was due to all whole body components being 
smaller, except for whole body fat and skin fat. This effect 
was repeated in the OvX W4 vs OvX D2 + W7 comparison 
where the BWt difference in favour of OvX W4 rats was 
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TABLE | 


MEANS AND STANDARD ERRORS OF MEANS FOR BODY LENGTHS, WHOLE BODY 
CONSTITUENT WEIGHTS, AND WHOLE BODY CONSTITUENT WEIGHTS AS 
A PERCENTAGE OF WHOLE BODY WEIGHT 





Body 
Length 
(cm) 


Age 


(Weeks) Treatment (n) 


Body 


Weight 


(g) 





18.0 
0.21 

17.6 
0.20 


OvX W4 


Control 


OvX D2 19.5 
0.21 
20.4 
0.16 
20.4 
0.10 
Control 19.5 


OvX W4 


OvX W7 


OvX D2 


OvX W4 


OvX W7 


Control 


OvX-OB 


OvX D2 


OvX W4 


OvX W7 


Control 


OvX-OB 
0.30 


124.8 
4.2 
122.5 


1.9 


161.9 
4.6 
184.0 
4.9 
185.0 
2.8 
156.9 
he 


~ why 


237.0 
13.6 
247.9 
9.6 
249.3 
3.9 
207.6 
4.5 
215.0 
8.0 


N Ow oS WUh 


ww bh 


270.5 
8.1 
309.0 
9.0 
290.5 
10.7 
232.0 
5.1 
232.0 
11.1 





caused by a greater weight of whole body water and protein. 
Similarly, the carcass of the OvX W4 rats was heavier than 
the OvX D2 and OvX W7 rats because of a greater amount of 
water and protein: skin weights were not significantly differ- 
ent for this comparison. 

Therefore, compared to other body components the abso- 
lute weights of fat in the skin, carcass and whole body 
showed a marked resistance to treatment. 


Percentage Composition 


A summary of the pertinent data is presented in Tables | 
and 2, in which skin, carcass, and whole body components 
are expressed as percentages of their wet weights. 


Skin 


Analyses of variance showed that following OvX the per- 
centage water was increased, F(1,95)=11.68, p<0.005, but 


ash and protein decreased. Estrogen treatment reversed 
these effects by decreasing the percentage water, 
F(1,33)=10.65, p<0.005, and increasing fat, F=9.23, 
p<0.01, ash, F=5.47, p<0.05, and protein percentages. 
Significant interactions in an analysis of variance, between 
age and treatment, for the comparisons between intact and 
estrogen treated animals indicates that these changes in skin 
composition are obvious only after prolonged OB treatment. 

Animals ovariectomised at D2 showed an increased per- 
centage skin fat, F(1,43)=5.61, p<0.025, compared to rats 
OvX at W7. 


Carcass 

Ovariectomy increased the percentage water, 
F(1,95)=34.88, p<0.001, and decreased the percentage fat, 
F=9.80, p<0.005, and ash, F=31.50, p<0.001, in the car- 


Cass. 
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TABLE 2 


MEANS AND STANDARD ERRORS OF MEANS FOR SKIN AND CARCASS CONSTITUENT WEIGHTS 
AND THE CONSTITUENTS AS A PERCENTAGE OF SKIN AND CARCASS WEIGHT, RESPECTIVELY 





Skin Carcass 
Wet Wet Fat 
% BWt (g) (g) 


Wet 
Treatment (n) (g) 


Age 
(Weeks) 





OvX W4 30.8 24.7 94.0 4.5 


i 
29.3 
1.2 
40.8 
1.8 
45.0 
1.8 
48.5 
0.7 
36.3 
2.0 


58.9 
3.7 


Control 


OvX D2 


OvX W4 


OvX W7 


Control 


OvX D2 


OvX W4 


OvX W7 


Control 


OvX-OB 


OvxX D2 


OvX W4 


OvX W7 


Control 


OvX-OB 


23.9 


25.1 


24.4 


26.2 


23.1 


0.4 & ‘ 3.0 0.3 
: 93.2 4.8 
1.3 a ; 3.0 0.6 
121.1 6.3 
0.6 : ‘ 3.2 0.4 
: 139.0 fe 
0.5 Y ; 0.6 
3 136.5 7.4 
0.4 J ; y Be 0.4 
2 120.6 7.0 
0.3 i : 5.3 0.5 


178.1 8.1 
10.0 0.7 
187.7 9.9 

pe 0.5 
191.1 

3.8 0.9 
161.5 a7 

3.6 0.5 
166.9 

6.1 0.5 


206.7 
5.9 
236.3 
6.8 


999 7 


8.4 
181.1 
4.4 
182.4 
8.7 





Estrogen treatment reversed these effects as OB rats, 


compared to controls, showed a _ reduced water, 
F(1,33)=10.54, p<0.005, and increased fat percentage, 
F=14.66, p<0.001. 

OvX D2 rats possessed a higher percentage water, 
F(1,43)=7.55, p<0.01, and lower carcass fat, F=5.68, 
p<0.025, than OvX W7 rats. 


Whole Body 


As the carcass comprises about 80% of the whole body, 
then changes in carcass composition would be expected to 
influence the whole body composition more than changes in 
the skin. It may be recalled from data mentioned above that 
carcass fat in OvX rats decreased while skin fat percentage 
increased; these directional changes in percentage fat effec- 
tively cancelled one another and thus whole body fat was not 
affected by OvX. The OB treated group versus the controls 
gave identical results to those discussed for the carcass. 


When OvX D2 rats were compared to OvX W7 rats they 
showed an increased skin fat but a decreased percentage 
carcass fat, thus for the whole body analysis there was no 
change in components. The OvX W4 versus OvX D2 + OvX 
W7 comparison has not been discussed since this compari- 
son yielded no significant results for carcass, skin or whole 
body. Thus, when present, the responses to OvX were linear 
with age. 


Allometry 


Allometric regressions of component weights upon nose- 
anal lengths for OvX rats and for control plus estrogen 
treated rats are illustrated in Figs. 1-3. 

It is clear from Fig. 1 that over the observed range of body 
lengths the wet weights of skin, carcass and whole body of 
OvX rats are relatively larger than those of control and es- 
trogen treated OvX rats. For example, in the whole body this 
difference was confirmed by analysis of variance for both the 
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WHOLE BODY or CARCASS WEIGHT (g) 
SKIN WEIGHT (g) 





— 


20 22 24 


NOSE-ANAL LENGTH (cm) 


FIG. 1. Allometric regressions of log wet weight of whole body, 
carcass and skin plotted against log nose-anal length. The solid lines 
represent pooled data from intact and OB treated OvX rats (N=46) 
and the dashed lines represent pooled data from OvX rats (N=76). 
The vertical lines are the 95% confidence limits calculated at 2 cm 
intervals as described by Bliss [1]. The observed range of body 
lengths was 17-24 cm. 


slopes, F(1,113)=7.60, p<0.01, and constants, F=8.66, 
p<0.005. It is of note that the skin wet weights appear to 
increase, relative to the control and estrogen treated rats, 
before the wet weights of the carcass. 

Component weight regressions on length for the skin (Fig. 
2) were also significantly steeper for OvX rats. The change in 
skin water appears to occur at a shorter body length, and 
thus an earlier age, than does the change in dry matter. Skin 
protein may also change before skin fat. 

Figure 3 illustrates that the increased wet carcass weight 
of OvX rats was accompanied by an increased slope, 
F(1,113)=6.94, p<0.01, and constant, F=6.89, p<0.01, for 
water. There was an increased slope but no change in posi- 
tion for protein. The fat and ash were relatively greater in 
intact and estrogen treated groups than the OvX rats due to 
regression lines differing in position. 

Whole body allometry reflected the changes in skin and 
carcass. Whole body water and protein were increased by 
OvX, slopes and constants both being increased, but control 
and estrogen treated rats contained more ash at a given body 
length; shown by the regression lines differing in position but 
not slope. Whole body fat was unaltered by treatment. 

Age at OvX also affected body form. Skin weights of OvX 
D2 rats had a higher slope than OvX W7 rats and a significant 
difference in position while for carcass wet weights, the ef- 
fect of age at OvX was reversed with the OvX W7 rats hav- 
ing a regression line with a value for position that was greater 
over the measured range of body length. The difference in 
wet skin weight appeared to be due to skin water while the 
change in carcass wet weight was probably due to changes in 
dry matter and protein. The opposite nature of the effects on 
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FIG. 2. Allometric regressions of log skin constituent weight plotted 
against log nose-anal length. The solid lines represent pooled data 
from intact and OB treated OvX rats (N=46) and the dashed lines 
represent pooled data from OvX rats (N=76). The vertical lines are 
the 95% confidence limits. 
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FIG. 3. Allometric regressions of log carcass constituent weight 
plotted against log nose-anal length. The solid lines represent pooled 
data from intact and OB treated OvX rats (N=46) and the dashed 
lines represent pooled data from OvX rats (N=76). The vertical lines 
are the 95% confidence limits. 


carcass and skin resulted in age at OvX not affecting any 
whole body parameter. 

Only one significant difference between the relative 
growth rates of estrogen treated and control rat's compo- 
nents was found with carcass fat being increased by estrogen 
treatment. 





DISCUSSION 


The results for nose-anal length analysis confirm that 
OvX stimulates and OB inhibits skeletal growth in the rat. 
The state of development reached at the time of OvX af- 
fected body length, as Kennedy [15] surmised. Neonatal 
OvX gave a smaller increase in length than did OvX 
postweaning or postpubertal, parallelling the results for body 
weight; suggesting that surgery at D2 is probably a signifi- 
cant stress. Kennedy’s [15] reasoning that a true growth re- 
sponse to OvX progressively disappears as age at OvX in- 
creases was supported by many responses to age at OvX 
being linear. 

Ovariectomy increased the absolute weights of all car- 
cass, skin and whole body components except carcass fat. 
Allometry showed the skin of OvX rats to be relatively 
greater in size than intact or OvX-OB rats, due to all compo- 
nents except ash being significantly increased. The carcass 
and whole body of OvX rats were also larger than those of 
intact and OvX-OB treated rats, but although water and 
protein increased, fat and ash were generally decreased, 
leaving dry matter levels unaltered. When the present study 
was initiated it was hypothesised that in young actively 
growing rats the BWt increase following OvX could be ac- 
counted for by an increased nose-anal length, but this hy- 
pothesis was negated since OvX clearly changed the shape of 
the body. 

Ovariectomy altered both the composition with respect to 
body length and the composition with respect to body 
weight. As a percentage of their body weight, OvX rats con- 
tained more water but less ash. Whole body fat was not 
increased by OvX but was redistributed with carcass fat 
being decreased and skin fat increased. The overall increase 
in skin size following OvX was due to all components being 
preferentially deposited in the skin. All these effects were 
not permanent changes as they were reversed by estrogen 
treatment. The dose of OB appears to be supraphysiological 
since there was generally an overcorrection when variables 
for normal control rats were compared to those for OvX-OB 
treatment groups. Body weight changes had previously 
shown the dose of OB to be supraphysiological [6]. 

The body weights and lengths of OvX D2 rats showed the 
smallest response but their response in skin composition was 
the greatest compared to rats OvX at other ages. In contrast, 
by allometry, OvX at W7 did not affect skin size, but in- 
creased carcass size, so that there was little change in al- 
lometric relationships on a whole body basis due to age at 
ovariectomy. 

The model for the control of BWt described by Wade [32] 
ascribes the primary action of estrogen to an inhibition of 
food intake via the ‘‘hypothalamic BWt regulating mech- 
anism’’. Body weight is defined by Wade [32] and by others 
[36] as ‘*...the mass of adipose tissue’’. Under this model, 
estrogen is thought to reduce the mass of adipose tissue and 
thus reduce BWt. Although the equivalence of BWt regula- 
tion and adipose tissue regulation seems plausible for the 
so-called ‘‘adult plateaued rat’’ (for criticism of this phrase 
see [6]) Zucker et al. [37] showed sufficient bone growth in 
rats up to 70 weeks of age to maintain the allometric relation- 
ship between bone growth and BWt. Thus, normal growth 
causes changes in BWt in adult rats which are not entirely 
due to changes in fat. In the general case of the growing 
animal, the equivalence of body fat and BWt is difficult to 
defend. For example, in the present study OvX and intact 
rats of widely different BWts had similar composition; 
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Schemmel et a/. [24] showed by altering dietary components 
that animals of the same BWt could have different composi- 
tions. Carcass analysis of sheep and pigs, over a wide range 
of ages and BWts, caused Elsley et a/. [8] to conclude that fat 
deposition was not closely related to the growth of the fat- 
free body mass. This point can be illustrated by comparing 
the within-group or residual variation between body fat and 
other components in the present study with data reported by 
Elsley et al. [8] and Morris et al. [19] when body fat was 
shown to be the most variable component in the body, not 
stable as is suggested by the model proposed by Wade [32]. 

Kennedy [i4] states that estrogen inhibits growth in 
young gonadectomised rats by reducing food intake and is 
accompanied by a low body fat. Wade [32] envisages that 
estrogen indirectly reduces food intake by resetting a 
‘*neural lipostat’’ or ‘*BWt (fat) set-point’’ to a lower level. 
These views are not supported by the present study or by 
that of Nyda et a/. [21] as in both studies body fat was not 
reduced by estrogen treatment yet linear growth and BWt 
gain were inhibited. Clearly, estrogen can inhibit growth and 
BWt, independent of changes in body fat, thus supporting 
the non-equivalence of body fat regulation and BWt regula- 
tion in the growing animal. 

In a recent review, Wade and Gray [32] have restated that 
OvX in the rat causes obesity and estrogen decreases this 
‘‘adiposity’’. Their main support for this contention is from 
the work of Leshner and Collier [17] where rats OvX im- 
mediately after puberty (D40) had increased carcass fat. 
Wade and Gray [32] in addition made reference to the work 
of Galletti and Klopper [9] who reported that progesterone 
treatment of the intact female rat increased fat levels. Wade 
and Gray [32] did not mention that Galletti and Klopper [9] 
reported decreases in body fat following OvX; both in the 
skin and the carcass. This present study can find no support 
for Wade and Gray’s [32] contention that OvX increases fat 
and estrogen treatment decreases fat in the rat. Furthermore, 
all fat depots do not respond to estrogen in a similar manner 
as OvX at D2 appears to increase fat levels in the skin but 
decrease fat in the carcass, giving no net change in whole 
body fat. We have reported [5] that OvX increased inguinal 
depot weight and decreased retroperitoneal depot weight and 
that these effects were reversed by estrogen treatment. The 
chief effect of OvX was not to increase fat levels but to cause 
a redistribution of fat to the skin; while estrogen treatment 
had the opposite effect. This evidence suggests that fat de- 
pots must not be considered homogeneous as far as basic 
metabolism and hormonal control are concerned. 

It has been hypothesised that body length is controlled 
and that functional demands of the skeletal size determines 
the size of many other body organs [3]; such a mechanism 
could regulate BWt indirectly. The so-called ‘hypothalamic 
lipostat’’ may regulate the amount of body fat but to call this 
mechanism also a ‘‘BWt set-point’’ mechanism would seem 
to be a misnomer, especially for a growing animal. Body 
weight in the rat does not reach a true plateau, but under 
favourable conditions increases steadily at a constant rate 
until at least 70 weeks of age [37] and Tarttelin and Clark 
(unpublished observations); under conditions of continual 
growth it would be difficult to reconcile growth control 
within the terms dictated by a ‘‘set-point’’ theory and for 
similar reasons the neural *‘set-point’’ mechanism has been 
criticised and a simple model proposed in its place which 
could account for many experimental findings [35]. 

For the skin, carcass and whole body it has been clearly 
shown that the percentage water decreases but the percent- 
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age of fat, ash and protein increases with age, a process 
termed the development of *‘chemical maturity’’ by Moulton 
[20]. In addition the percentage contribution of the skin 
components to their respective whole body components de- 
clined with age. However, OvX seems to slow or delay the 
development of ‘‘chemical maturity’’ and increases the size 
of the skin. Conversely, estrogen treatment hastens the de- 
velopment of *‘chemical maturity’’ and decreases the size of 
the skin. A causal relationship between the demonstrated 
effects of estrogen in slowing down the growth of the body 


length and weight and hastening the ‘‘chemical maturity”’ is 
possible, and thus a unity of action of estrogen could be 
postulated if the same control mechanisms are responsible 
for ‘‘chemical maturity’’ and growth determination. 
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BOUCHON, R. ET B. WILL. Effets des conditions d’ élevage aprés le sevrage sur les performances d’apprentissage des 
souris ‘‘dwarf’. PHYSIOL. BEHAV. 28(6) 971-978, 1982.—Les effets de l'environnement sur les capacités 
d’apprentissage ont été étudiés sur la souris mutante ‘‘dwarf”’ atteinte d'une déficience antéhypophysaire. Dans deux 
expériences différant par le sexe et l’Age des animaux 4a I’entrée dans les milieux différents, la moitié des souris naines 
(homozygotes dw/dw) et la moitié des souris temoins de méme souche (homozygotes +/+ ou hétérozygotes dw/+) ont été 
placées dans un milieu ‘‘appauvri’’ et les autres animaux dans un milieu ‘‘enrichi’’. Aprés 31 jours d’élevage dans ces 
conditions, les animaux ont été entrainés puis testés sur les 12 problémes standard de Hebb et Williams. Les résultats des 
deux expériences font apparaitre (1) qu’indépendamment de I’environnement, les souris naines font significativement plus 
d’erreurs que les témoins (p<0.001); (2) que les souris des groupes ‘‘enrichis’’ font significativement moins d’erreurs que 
celles des groupes ‘‘appauvris’’ (p<0,05); (3) que les effets de l'environnement tendent a étre plus importants chez les 
souris naines que chez les témoins. Ces résultats sont discutés a la lumiére d’ observations antérieures qui ont fait apparaitre 
que les souris ‘‘dwarf’’ présentent un niveau d’activité locomotrice et d’interaction avec leur environnement physique 
relativement faible. Ils sont comparés a ceux des animaux hypothyroidiens et des animaux porteurs de lésions de 
l’hippocampe. 


Souris ‘‘dwarf”’ Environnement Apprentissage de labyrinthe 





BOUCHON R. AND B. WILL. Effects of post-weaning rearing conditions on learning performance in ‘‘dwarf’’ mice. 
PHYSIOL. BEHAV. 28(6) 971-978 , 1982.—The effects of different environments on learning ability were investigated in 
mice homozygous for the locus ‘‘dwarf,’’ characterized by a primary deficiency of the anterior hypophysis. Two experi- 
ments were conducted; they differed from one another in several aspects such as sex and age at entry into different 
environments. In both experiments, half the ‘‘dwarf’’ (homozygous dw/dw) and control mice of the same strain (heterozy- 
gous dw/+ or homozygous +/+) were placed in either an ‘‘enriched”’ or ‘‘impoverished’’ environment. After 31 days of 
rearing in these conditions, animals were then pretrained and tested with the standard 12 Hebb-Williams problems. Results 
from both experiments revealed that (1), independently of environment, ‘‘dwarf’’ mice made significantly more errors than 
controls (p<0.001); (2) mice of the ‘‘enriched’’ groups made significantly less errors than those of the ‘‘impoverished”’ 
groups (p<0.05); (3) environmental effects tended to be larger in ‘‘dwarf’’ mice than in controls. The results are discussed 
in the light of previous observations on the level of locomotor activity and on the degree of interaction of *‘dwarf’’ mice 
with their physical environment; they are compared to those reported for hypothyroid animals and to those of animals with 
hippocampal lesions. 


Dwarf mouse Environment Maze learning 


DES expériences récentes tendent 4 montrer qu’une stimu- d'origine génétique, qui par leur complexité méme fournis- 
lation post-opératoire par un environnement complexe sent peut-étre un meilleur modéle des syndromes observa- 
améliore la performance dans des taches d’apprentissage bles en clinique humaine? A cet effet, nous avons sélec- 
aprés atteinte cérébrale provoquée [8, 15, 33, 35]. Ces effets tionné le cas des souris mutantes ‘‘dwarf’’ (Fig. 1). Celles-ci 
facilitateurs ont été observés chez le rat aprés malnutrition présentent de multiples déficits anatomiques, neuroendoc- 
précoce, aprés hyper- ou hypothyroidie péri- ou néonatale, riniens, biochimiques et comportementaux. Ces souris 
aprés lésions chimiques ou chirurgicales, et chez les rats naines se caractérisent essentiellement par une absence 
génétiquement sélectionnés pour leurs mauvaises perform- quasi totale d’hormone somatotrope (—99,9%) et de 
ances dans une tache d’apprentissage de labyrinthe. thyréostimuline [7,34] qui se répercute sur la totalité du sys- 

Qu’en est-il dans le cas d’atteintes non provoquées, téme endocrinien [1,31]. Ces animaux sont caractérisés aussi 
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FIG. 1. Photographie représentant une souris témoin et une souris ‘dwarf’ (males de 21 jours). 


par divers retards de maturation, notamment au niveau céré- 
belleux et sacrolombaire [27, 28, 29]. La réduction du poids 
corporel et des divers organes de ce mutant est de 70% 
environ. Le poids du cerveau est relativement moins touché; 
sa réduction est de l’ordre de 30% [23,30]. La diminution de 
la quantité d’A.D.N. de divers organes (foie, rein, rate) est 
de l’ordre de 70%, suggérant une diminution considérable du 
nombre de cellules [40]. A l’opposé, la baisse des acides 
désoxyribonucléiques du cerveau ne dépasse pas 10%, 
témoignant d’un maintien de la population cellulaire. Ce ta- 
bleau est celui du déficit antéhypophysaire congénital hu- 
main relativement rare, mais également, par plusieurs as- 
pects, celui de I’hypothyroidie congénitale humaine rela- 
tivement fréquente (entre 1/5000 et 1/10000) [4, 9, 20, 24]. Au 
niveau comportemental, les syndromes sont caractérisés par 
le crétinisme et l’hypoactivité. Nous avons pu montrer que 
ces souris présentent un niveau d’activité et d’interaction 
avec l’environnement relativement faible (Bouchon et Will, a 
paraitre), caractéristique potentialisée encore par le com- 
portement maternel qui maintient préférentiellement les 
‘‘dwarf’” plus longtemps au nid (Bouchon, R. and B. Will. 
Communication. Ist Meeting of the International Society for 
Developmental Neuroscience, Strasbourg, 1980). On peut se 
demander si la stimulation de l’environnement peut 
améliorer les capacités d’apprentissage d’un animal qui 
semble particuliérement insensible a ce type de stimulation. 
I] est a noter, cependant, que d’autres études [10, 12, 21] ont 
montré que les souris, comme les rats, sont sensibles aux 
effets d'un environnement complexe, aussi bien sur le plan 
comportemental que neurochimique. I] se pourrait néan- 
moins que les souris “‘dwarf’’ et les souris témoins ne réagis- 
sent pas identiquement aux différentes caractéristiques de 
l'environnement. Pour mettre en évidence une éventuelle 
interaction génome-environnement, nous avons organisé les 
deux expériences relatées ci-aprés sous forme de plan a deux 


facteurs croisés, le facteur genome (*‘dwarf’’ et témoin) et le 
facteur environnement (‘‘enrichi’’ et ‘‘appauvri’’). 


EXPERIENCE 1 


METHODE 
Animaux 


Quarante souris femelles, dont vingt naines (homozygotes 
dw/dw) et vingt témoins (hétérozygotes dw/+ ou homozy- 
gotes +/+) de la souche consanguine Dw/Orl-dw ont été 
utilisées. Ces animaux provenant de notre élevage ont été 
sevrés a cing semaines (‘“‘Dwarf’ comme témoins), ce qui 
correspond a lage auquel s’effectue le sevrage naturel des 
‘““dwarf’ (Bouchon, R. and B. Will. Communication. 1st 
Meeting of the International Society for Developmental 
Neuroscience, Strasbourg, 1980). Dix-sept souris naines et 
dix huit témoins ont survécu jusqu’a la fin du test comporte- 
mental. Les animaux furent placés dans les milieux différ- 
ents immédiatement aprés le sevrage. 


Environnements Différents 


La moitié des souris naines et la moitié des souris témoins 
ont été isolées dans de petites cages en makrolon (17x 10 13 
cm). Les autres animaux furent placés par dix dans des cages 
en makrolon (42x38x16 cm) enrichies en objets divers: 
boites de différentes formes et calibres, gobelets, rouleaux 
de papier, bobines, etc., 4 raison d’une vingtaine par cage. 
La cohabitation des souris naines avec leurs congénéres 
normaux donnant lieu a des agressions, deux milieux 
“‘enrichis’’identiques ont été réalisés: un pour les souris 
‘dwarf’ et un pour les témoins. Les souris des milieux 
‘“‘enrichis’’ sont changées quotidiennement de cage et trou- 
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vent un arrangement différent d’objets; les animaux isolés 
sont changés de cage une fois par semaine. 


Test du Labyrinthe de Hebb et Williams 


Aprés trente et un jours d’élevage différentiel, les souris 
sont pesées et placées dans des cages individuelles 
(17x 10x13 cm) avec de l’eau a disposition. A partir de ce 
moment, leur nourriture se compose de gateaux et de graines 
de sarrasin disponibles dans la boite d’arrivée du labyrinthe, 
et d'un complément que les souris recoivent dans leur cage 
immédiatement aprés passage dans le labyrinthe. Au cours 
de la période d’entrainement, le poids des souris témoins a 
été progressivement amené puis maintenu a environ 85%, et 
celui des souris ‘dwarf’ a environ 90% de leur poids avant 
privation de nourriture. Suivant une procédure standard, les 
animaux furent entrainés pendant douze jours. Leur per- 
formance fut mesurée ensuite dans la série standard des 
douze problémes de Hebb et Williams [11], décrite par 
Rabinovitch et Rosvold [26]. Chaque probléme consiste a 
trouver le chemin le plus court entre la boite de départ et 
celle d’arrivée a travers un labyrinthe dont la configuration 
est modifiée 4 chaque probléme. Les souris sont confrontées 
a un probléme par jour, a raison de six essais par probléme. 
Les erreurs initiales et répétitives sont relevées séparément 
(une erreur initiale est la premiére 4 étre commise dans une 
certaine zone d’erreur au cours de l’essai; les erreurs répéti- 
tives sont celles qui sont effectuées ultérieurement dans la 
méme zone d’erreur, au cours du méme essai). Nous avons 
également relevé le temps de parcours du labyrinthe en y 
soustrayant toutefois celui consacré au toilettage et celui 
passé a revenir dans le labyrinthe, une fois parvenu 4a la boite 
d’arrivée (dernier carreau devant l’entrée de celle-ci). Le 
temps consacré au toilettage et le nombre de demi-tours ef- 
fectués devant la boite d’arrivée sont examinés 4 part, afin 
de ne pas masquer les résultats les plus importants. Ces deux 
indices peuvent apporter des indications précieuses sur le 
niveau de réactivité et de motivation des animaux. Le test 
comportemental fut réalisé dans la piéce d’élevage par un 
expérimentateur qui ignorait néanmoins de quel milieu 
provenaient les souris. 


Analyse Statistique 


Les données ont été traitées par une analyse de variance 
pour plan d’expérience a deux facteurs (environnement x 
génome). Pour les comparaisons multiples entre les moyen- 
nes des différents traitements, nous avons utilisé le test de la 
plus petite différence significative. La comparaison des 
courbes d’apprentissage a été réalisée par une analyse de 
covariance. Ces méthodes sont décrites dans l’ouvrage de 
Keppel [17]. 


RESULTATS 


Nous analyserons séparément les performances des 
animaux au cours du premier essai et des essais suivants. Au 
cours du premier essai des différents problémes, les sujets 
sont confrontés a une situation nouvelle, ce qui n’est pas le 
cas au cours des essais suivants. 


Premier Essai de Chaque Probléme 


Au cours des premiers essais des douze problémes, seuls 
les effets du génome sont statistiquement significatifs: les 
souris naines font plus d’erreurs (Tableau 1) et parcourent 
le labyrinthe moins rapidement que les _ témoins, 


F(1,31)=64,66, p<0,001; F(1,31)=50,66, p<0,001, respec- 
tivement; comme on peut le voir sur le Tableau 2A, elles 
consacrent également davantage de temps au toilettage, 
F(1,31)=17,45, p<0,001. L’analyse séparée des erreurs ini- 
tiales (Fig. 2A) et des erreurs répétitives (Fig. 2B) montre 
que les souris naines font davantage d’erreurs dans chacune 
de ces catégories, F(1,31)=62,63; p<0,001; F(1,31)=45,44, 
p<0,001 (Tableau 1). L’interaction génome x environne- 
ment étant significative au niveau des erreurs initiales, 
F(1,31)=7,94, p<0,01, nous avons effectué des com- 
paraisons multiples entre les différentes moyennes qui ont 
fait apparaitre un effet genome aussi bien parmi les animaux 
‘“‘enrichis’’ que parmi les ‘‘appauvris’’ (TE vs DwE: 
p<0,001; TA vs DwA:p<0,001), mais un effet environne- 
ment uniquement parmi les animaux témoins (TE vs TA: 
p<0,001). 


Essais Suivants 


Au cours des essais 2 4 6 des douze problémes, les effets 
de l’environnement et du génome sont significatifs (Tableau 
1): les souris ‘‘enrichies’’ entrent moins souvent dans les 
culs-de-sac que les ‘‘appauvries’’, F(1,31)=4,77, p<0,05; les 
animaux nains effectuent plus d’erreurs et traversent le 
labyrinthe beaucoup plus lentement que les témoins, 
F(1,31)=48,61, p<0,001; F(1,31)=53,68, p<0,001, respec- 
tivement; comme on peut le constater sur le Tableau 2B ils 
passent plus de temps 4a leur toilette et reviennent moins 
souvent dans le labyrinthe aprés étre parvenus 4a I|’arrivée, 
F(1,31)=35,04, p<0,001; F(1,31)=15,52, p<0,001, respec- 
tivement. L’analyse séparée des erreurs initiales et des er- 
reurs répétitives donne, en ce qui concerne les effets du 
génome, des résultats analogues a ceux de |’analyse effec- 
tuée sur l’ensemble des erreurs, cependant, ce genre 
d’analyse fait disparaitre l’effet environnement qui n’est plus 
significatif (Fig. 2). 

L’analyse des courbes d’apprentissage (Fig. 2) en fonc- 
tion des essais, pratiquée sur les erreurs initiales et sur les 
erreurs répétitives fait apparaitre dans les deux cas (aprés) 
transformation semi-logarithmique linéarisant les données) 
un écart significatif au parallélisme entre les quatre droites 
de régression, F(3,202)=4,382, p<0,01; F(3,202)=8,202, 
p<0,001, respectivement. 


DISCUSSION 


Cette expérience a montré, d’une part, que les souris 
‘‘dwarf’’ présentent une déficience de l’apprentissage d’un 
labyrinthe et, d’autre part, que les conditions d’en- 
vironnement que connaissent ces souris aprés le sevrage 
peuvent modifier significativement leurs performances dans 
cette tache. Comme dans la plupart des expériences que 
nous avions réalisées sur le rat [6, 36], les souris ont été 
élevées dans des milieux différents pendant un mois aprés le 
sevrage, puis soumises aux tests comportementaux; elles 
avaient donc deux mois environ au début de ces tests. Le 
probléme auquel tente de répondre |’expérience 2 est celui de 
l’efficacité d’une ‘‘thérapie’’ par l'environnement chez des 
sujets encore plus Agés, a savoir trois mois et demi au début 
du test comportemental. 


EXPERIENCE 2 


METHODE 


L’élevage des souris ‘‘dwarf”’ est délicat; aussi, avons- 
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FIG. 2. Courbes d’apprentissage (moyennes+erreurs types) établies a partir (A) des erreurs initiales et (B) des erreurs 
répétitives de l’expérience 1. Dw=*‘Dwarf’’; T=Témoin; E=Enrichi; A= Appauvri. 


nous dd nous adresser au Centre de Sélection et d’Elevage 
d’animaux de Laboratoire du C.N.R.S., Orléans, la Source 
France pour nous fournir des animaux en nombre suffisant. 
Nous avons pu obtenir quarante souris males sevrées a vingt 
et un jours. A l’Age de dix semaines, ces animaux furent 
placés dans les milieux différents décrits en détail dans 
l’Expérience 1. La passation du test et les traitements statis- 
tiques one été réalisés de maniére identique 4 celle de 
l’Expérience 1. Quinze souris naines et seize témoins ont 
survécu jusqu’a la fin du test comportemental. 


RESULTATS 
Premier Essai de Chaque Probléme 


Dés les premiers essais des douze problémes, on observe 


des effets statistiquement significatifs des deux facteurs 
considérés, aussi bien sur le nombre d’erreurs (Tableau 3) 
que sur le temps de parcours du labyrinthe: les souris élevées 
en milieu ‘‘enrichi’’ font moins d’erreurs et traversent le 
labyrinthe plus rapidement que celles qui furent élevées en 
milieu ‘‘appauvri’’, F(1,27)=7,47; p<0,025; F(1,27)=6,63, 
p<0,025, respectivement. Les souris naines commettent 
plus d’erreurs et parcourent le labyrinthe beaucoup moins 
rapidement que les témoins, F(1,27)=10,59, p<0,01; 
F(1,27)=44,09, p<0,001, respectivement. Comme on peut le 
voir sur le Tableau 4, elles consacrent également plus de 
temps au toilettage, F(1,27)=8,68, p<0,01. L’analyse 
séparée des erreurs initiales (Fig. 3A) et des erreurs répéti- 
tives (Fig. 3B) montre que les souris ‘‘enrichies’’ font moins 
d’erreurs dans chacune de ces catégories, F(1,27)=5,42; 


TABLEAU | 
RESULTATS DES ANALYSES DE VARIANCE PRATIQUEES SUR LES ERREURS DANS L’EXPERIENCE | 





Essai | 


erreurs 
répétitives 


erreurs 
initiales 


erreurs 
totales 


Essais 2-6 


erreurs 
totales 


erreurs 
répétitives 


erreurs 
initiales 





<0,001 
N.S. 
N.S. 


<0,001 
N.S. 
<0,01 


Génome 
Environnement 
GxE 


<0,001 
N.S. 
N.S. 


<0,001 
<0,05 
N.S. 


<0,001 
N.S. 
N.S. 
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TABLEAU 2 


TEMPS DE PARCOURS, DE TOILETTAGE (EN SECONDES) ET NOMBRE DE DEMI-TOURS A 
L’ARRIVEE (MOYENNE EN ITALIQUE ET ERREUR-TYPE EN CARACTERES ARABES) DANS 
L’EXPERIENCE 1, POUR L’ESSAI 1 (A) ET POUR LES ESSAIS 2 A 6 (B) 





Traitements 
‘*‘Dwarf”’ 
Enrichis 


7 10 


‘*Dwarf”’ 
Appauvris 


Témoins 
Appauvris 


Témoins 
Enrichis 


Effectifs 





A. Essai 1 
Erreurs initiales 42,86 41,20 
0,55 1,69 
35,29 46,30 
8,09 6,14 
1294 ,43 1148,90 
261,30 174,88 
116,14 142,30 
46,93 40,28 
8,97 12,38 
Demi-tours 4 l’arrivée 0 0,29 
a 0,10 
0 2,42 


Erreurs répétitives 
Temps de parcours 


Temps de toilettage 


B. Essais 2 a6 
Erreurs initiales 87,43 91,09 142,14 176,50 
10,89 9,31 12,22 6,81 
14,43 15,9] 52,43 92,80 

3,27 3,18 13,93 15,80 
1009 43 854,9] 4043 57 5264 80 
320,34 82,02 520,72 750,59 
201,00 122,64 1902 ,43 1512,90 
18,77 50,10 514,24 265,54 
19,91 14,35 47,05 28,74 
Demi-tours 4a l’arrivée 4,14 4,09 2,43 0,50 
0,51 0,64 1,17 0,22 

6,90 6,82 4,05 0,83 


Erreurs répétitives 
Temps de parcours 


Temps de toilettage 





Le pourcentage 1 correspond au temps de toilettage par souris rapporté au temps de 
parcours du labyrinthe; le pourcentage 2 correspond aux demi-tours 4a |’arrivée par souris 
rapportés au nombre total d’essais pour les 12 problémes. 


des erreurs initiales et des erreurs répétitives donne des ré- 
sultats analogues en ce qui concerne les effets du génome; 
par contre, l'environnement n’agit plus que sur les erreurs 
répétitives, F(1,27)=15,29, p<0,001 (Fig. 3B). L’interaction 
entre le génome et l'environnement étant presque significat- 
ive en ce qui concerne les erreurs répétitives, F(1,27)=3,60, 
p<0,068, nous avons effectué des comparaisons multiples 
entre les différentes moyennes. Celles-ci révélent un effet du 
génome parmi les animaux ‘‘enrichis’’ comme parmi les 


p<0,05; F(1,27)=6,68, p<0,025, respectivement, et que les 
souris naines en font plus que les témoins, F(1,27)=11,96, 
p<0,01; F(1,27)=8,53, p<0,01. 


Essais Suivants 
Au cours des essais 2 4 6 des douze problémes, les effets 
de l'environnement et du génome demeurent significatifs: 


bien que l'environnement n’agisse plus significativement sur 
le temps de parcours du labyrinthe, les souris ‘‘enrichies”’ 
entrent moins souvent dans les culs-de-sac que les ‘‘appauv- 
ries’, F(1,27)=10,86, p<0,01 (Tableau 3). Quant aux 
animaux mutants, ils font plus d’erreurs que les témoins, 
F(1,27)=31,55, p<0,001, et passent beaucoup plus de temps 
dans le labyrinthe, F(1,27)=25,90, p<0,001; comme on peut 
le constater sur le Tableau 4, ils passent plus de temps a leur 
toilette et reviennent moins souvent dans le labyrinthe aprés 
étre parvenus 4a _ l’arrivée, F(1,27)=8,04, p<0,01; 
F(1,27)=7,82, p<0,01, respectivement. L’analyse séparée 


‘“‘appauvris’’ (TE vs DwE: p<0,01; TA vs DwA: p<0,001) et 
un effet de l'environnement uniquement parmi les animaux 
nains (DWE vs DwA: p<0,001). 

L’analyse des courbes d’apprentissage (Fig. 3) en fonc- 
tion des essais, pratiquée sur les erreurs initiales et sur les 
erreurs répétitives, fait apparaitre pour ces derniéres (aprés 
transformation semi-logarithmique linéarisant les données) 
un écart significatif au parallélisme entre les quatre droites 
de régression, F(3,178)=4,507, p<0,01. Ce résultat nous 
laisse supposer qu'il y ait un seuil qualitatif important entre 
ces deux types d’erreurs et qu'il soit éventuellement plus 
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FIG. 3. Courbes d’apprentissage (moyennes~erreurs types) établies a partir (A) des 
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l’expérience 2. Dw=‘‘Dwarf’’; T=Témoin; E=Enrichi; A=Appauvri. 


aisé de supprimer un des deux types d’erreurs plut6t que 
l'autre. 


DISCUSSION GENERALE 


Bien que les animaux de ces deux expériences différent 
par leur provenance, leur 4ge au sevrage, a l’entrée dans les 
milieux différents et au moment des tests comportementaux, 
les effets de l'environnement se sont exprimés de maniére 
similaire dans les deux cas. Les deux expériences ont montré 


que la stimulation par un environnement ‘“‘enrichi’’ peut 
améliorer la performance d’animaux génétiquement défi- 
cients, méme chez des individus adultes. Cependant, il faut 
reconnaitre que le protocole expérimental employé ne per- 
met pas d’écarter une autre interprétation selon laquelle 
lisolement aggraverait les effets de |’homozygotie dw/dw. 
Les résultats que nous venons de présenter permettent de 
compléter le tableau clinique qui caractérise les souris 
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erreurs initiales et (B) des erreurs répétitives de 


‘dwarf’: dans les deux expériences, ces animaux ont com- 
mis plus d’erreurs et ont mis plus de temps a traverser le 
labyrinthe que les sujets témoins. Alors que la différence de 
temps de parcours pourrait éventuellement étre imputée a la 
différence de taille des animaux, il n’est pas possible 
d’expliquer la différence observée au niveau des erreurs par 
cette différence morphologique. En cours d’apprentissage, 
les souris ‘‘dwarf’’ peuvent cependant corriger partiellement 
leur conduite et, en particulier, celle qui consiste a répéter 
les mémes erreurs au cours d’un méme essai; cette amélio- 
ration ne suppose probablement pas un apprentissage spatial 
aussi complexe qu’une amélioration au niveau des erreurs 
initiales. 

Dés le premier essai de chaque probléme, les souris 
‘‘dwarf’’ commettent plus d’erreurs que les souris témoins. 
En ce qui concerne les erreurs initiales, cette différence 
pourrait s’expliquer de différentes maniéres: ces erreurs 
pourraient étre le reflet d’une plus forte activité motrice ou 


TABLEAU 3 
RESULTATS DES ANALYSES DE VARIANCES PRATIQUEES SUR LES ERREURS DANS L’ EXPERIENCE 2 





Essai 1 


erreurs 
répétitives 


erreurs 
initiales 


erreurs 
totales 


Essais 2-6 


erreurs 
totales 


erreurs 
répétitives 


erreurs 
initiales 





<0,01 
<0,025 
N.S. 


<0,01 
<0,05 
N.S. 


Génome 
Environnement 
GxE 


<0,01 
<0,025 
N.S. 


<0,001 
<0,01 
N.S. 


<0,001 
<0,001 
N.S. 


<0,001 
N.S. 
N.S. 
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TABLEAU 4 


TEMPS DE PARCOURS, DE TOILETTAGE (EN SECONDES) ET NOMBRE DE DEMI-TOURS A 
L’ARRIVEE (MOYENNE EN ITALIQUE ET ERREUR-TYPE EN CARACTERES ARABES) DANS 
L’EXPERIENCE 2, POUR L’ESSAI 1 (A) ET POUR LES ESSAIS 2 A 6 (B) 





Témoins 
Enrichis 


Effectifs 7 


Traitements 
Témoins “Dwarf” ‘Dwarf’ 
Appauvris Enrichis Appauvris 


9 10 5 





A. Essai 1 

Erreurs initiales 34,14 
1,40 

Erreurs répétitives 19,14 
3,58 

Temps de parcours 225,71 
21,38 

Temps de toilettage 2,86 
1,53 

1,27 

Demi-tours 4a I arrivée 4,57 
0,48 

38,08 


B. Essais 2 a6 

Erreurs initiales 122,71 
6,75 

Erreurs répétitives 27,14 
7,95 

Temps de parcours 810,56 
36,67 

Temps de toilettage 94,86 
21,98 

11,70 

Demi-tours a l’arrivée 18,00 
2,37 


30,00 


39,56 41,60 44,60 
1,42 1,96 1,78 
34,33 37,00 62,80 
5,41 7,98 13,94 
265,22 500,60 759,40 
25,55 64,32 103,77 
2,89 29,10 36,40 
1,05 10,84 21,57 
1,09 5,81 4,79 
3,44 3,30 3,00 
0,82 0,70 1,23 
28,67 27,50 25,00 


134.78 159,60 165.40 
2,86 6,63 7.54 
48,67 59,00 121,20 
8,81 7,34 21,59 
823,56 1717,00 2169,20 
76,98 155,52 586,60 
34,11 421,50 601,00 
13,94 76,75 462,40 
4,14 24,55 27,71 
10,89 5,20 8,40 
2,93 1,67 4,13 
18,15 8,67 14,00 





Le pourcentage 1 correspond au temps de toilettage par souris rapporté au temps de 
parcours du labyrinthe; le pourcentage 2 correspond au demi-tours 4a |’arrivée par souris 
rapportés au nombre total d’essais pour les 12 problémes. 


exploratrice, le fait d'une conservation de la conduite ap- 
prise la veille, la conséquence d’une moindre motivation ou 
encore d’une difficulté d’intégration ou de mémorisation des 
informations spatiales. L’observation des animaux en cours 
de test (toilettage; demi-tours a | arrivée) et leur faible niveau 
d’exploration et d’activité locomotrice dans d'autres tests 
(Bouchon et Will, a paraitre) nous conduisent a éliminer la 
premiére de ces interprétations. Une analyse de ces résultats 
en termes de motivation peut également étre écartée puisque 
les souris ‘“‘dwarf’’ n’hésitent pas plus que les témoins (voire 
moins que celles-ci, aux essais 2 a 6) a pénétrer dans la boite 
d’arrivée du labyrinthe et y consomment immédiatement le 
renforcement alimentaire. Les données dont nous disposons 
actuellement ne nous permettent malheureusement pas 
d’écarter les autres hypothéses, a savoir que les animaux 
mutants présentent peut-étre plus de difficultés que les té- 
moins a se situer par rapport aux éléments invariants du 
labyrinthe, c’est-a-dire, par exemple, a repérer olfactive- 
ment ou autrement la boite d’arrivée, ou bien a inhiber des 
conduites inadaptées, c’est-a-dire, par exemple, a ne pas 
reprendre la direction de départ apprise la veille. 

Ces déficits comportementaux ressemblent a ceux qui 


caractérisent a la fois les animaux hypothyroidiens et ceux 
qui sont porteurs de lésions de I"hippocampe | 
25, 37, 38, 39]. Cependant, nous avons signalé ailleurs 
(Bouchon et Will, 4 paraitre) que les souris naines présentent 
un niveau d’activité et d’interaction avec l'environnement 
physique relativement faible, ce qui les distingue radicale- 
ment des animaux hippocampiques. En effet, ces derniers 
sont habituellement plus actifs que les animaux témoins dans 
une situation nouvelle [13, 14, 18, 22, 32], ils dorment moins 
et sont plus actifs qu’eux pendant la nuit [13]. Au contraire, 
les souris naines, comme les animaux hypothyroidiens, sont 
hypoactives dans une situation nouvelle, elles dorment la 
plupart du temps dans leur cage d’élevage et, dans un test 
actographique, sont significativement moins actives que les 
Sujets témoins, notamment pendant la phase obscure du 
nycthémére. En conséquence, les déficits comportementaux 
des souris ‘‘dwarf’’ correspondent essentiellement au ta- 
bleau symtomatologique que présentent les animaux 
hypothyroidiens mais ne correspondent que partiellement a 
celui qu’on observe chez des sujets porteurs de lésions hip- 
pocampiques. 

L’ interaction entre les facteurs genome et environnement 
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est rarement significative. La tendance qui s’exprime cepen- 
dant dans les deux expériences, semble indiquer que les ef- 
fets de l'environnement pourraient étre plus marqués chez 
les animaux génétiquement déficients que chez les animaux 
normaux. Ce résultat pourrait étre expliqué par un éventuel 
effet ‘‘plancher’’ qui, dans ce test, affecterait davantage les 
performances des animaux témoins que celles des souris 
‘dwarf’. Toutefois, il se pourrait aussi que, malgré leur fai- 
ble niveau d’interaction avec un environnement ‘‘enrichi”’ 
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(Bouchon et Will, 4 paraitre) les souris naines soient plus 
sensibles aux effets de l'environnement et, en particulier, a 
ceux de l’isolement. 
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NAIM, M., H. ROGATKA, T. YAMAMOTO AND U. ZEHAVI. Taste responses to neohesperidin dihydrochalcone in 
rats and baboon monkeys. PHYSIOL. BEHAV. 28(6) 979-986, 1982.—Preference-aversion behavior to solutions contain- 
ing neohesperidin dihydrochalcone (NHDHC) was studied rats and baboon monkeys. Electrophysiological responses 
evoked by application of NHDHC solutions to taste receptors innervated by the chorda tympani and the glossopharyngeal 
nerves were also measured. As a group, rats were indifferent to solutions containing up to 1.2* 10°? M NHDHC in short 
and long-term preference tests. A solution containing the very high concentration of 8.2 10-? M NHDHC was consumed 
less than water by all rats. The aversive behavior of rats to the 8.2x 10°* M NHDHC solution appeared to be due to taste 
quality rather than olfaction. When percent preferences were calculated on an individual basis for the long-term preference 
tests, 59% of the rats were indifferent to solutions containing up to 1.2 10-* M NHDHC, 33% of the animals found this 
solution aversive and less than 8% showed preference. Behavioral responses to a solution of 3.4 10~* M aspartame also 
varied considerably among rats. The electrophysiological data were in line with the behavioral responses suggesting weak 
taste responses for NHDHC in rats. More pronounced responses observed in the glossopharyngeal nerve as compared to 
the chorda tympani. Baboon monkeys showed a strong preference for solutions containing 1.6x 10-5 M-1.6x10°* M 
NHDHC. A solution of 1.6 10-? M was consumed to a lesser extent than water. It is concluded that baboon monkeys 


present a better experimental model than rats for investigating the sweetness of NHDHC. 


Neohesperidin dihydrochalcone Aspartame 
Anosmia Rats Baboon monkeys 


MANY mammals show a strong preference for the sweet 
taste of sugars. These include rats [3,19], guinea pigs [13], 
rabbits [7], hamsters [4, 16, 17] and monkeys [20]. Whenever 
other sweet compounds are tested, variability in preference 
among species is found. Dulcin is sweet to man and preferred 
by squirrel monkeys, but not by rats [6]. Saccharin, on the 
other hand, is sweet to man, preferred by rats, but rejected 
by squirrel monkeys. The sweet tasting proteins, monellin 
and thaumatin elicited significant behavioral [8] and elec- 
trophysiological [2] responses in the chorda tympani of mon- 
keys (Cercopithecus aethiops) while little or no response could 
be elicited in guinea pigs and rats [2]. The Saguinus midas 
tamarin monkeys, however, did not discriminate or dis- 
criminated poorly between water and thaumatin or monellin 
[10]. Several strains of monkeys respond behaviorally and 
electrophysiologically as well to the sweet taste of aspar- 
tame, but no electrophysiological responses were observed 
in rats [20]. 

Neohesperidin dihydrochalcone (NHDHC) is an artificial 
sweetener with intense sweet taste [5, 11, 12]. The potential 
use of this sweetener in food products is under investigation. 





Preference tests 


Chorda tympani Glossopharyngeal 


No published data is known to us, however, on the taste 
responses of NHDHC in experimental animals. The present 
study was designed to investigate the sensory properties of 
NHDHC in rats representing the non-primate species. For 
comparitive purposes, reference points were measured in 
baboon monkeys which are more closely related to man. 


GENERAL METHOD 


Materials 


Neohesperidin dihydrochalcone (NHDHC) was supplied 
by Jaf-Ora, Co., Rehovot, Israel. The material was highly 
purified (at least 98% purity) and contained no leftover 
naringin from synthesis as indicated by high pressure liquid 
chromatography (HPLC), eluted with 45% methanol in water 
using 10 uw RP18, 22 cm long, 1/4 inch in diameter column. 
Solutions of the concentrated, 1.6x10~-? M NHDHC could 
be used only in brief experiments; after long time periods 
crystallization of NHDHC took place. Aspartame was a 
product of Searle (Arlington Heights, IL). Deionized water 
was used through all preference tests. 


1Send reprint requests to Dr. Michael Naim, The Hebrew University of Jerusalem, Faculty of Agriculture, P.O. Box 12, Rehovot 76-100 


Israel. 
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Animals 


Naive male rats (‘“‘Sabra’’-—The Hebrew University or 
Wistar strains) were acclimated to our laboratory for 5 days 
before testing. Animals were individually housed in cages 
(40x 30x20 cm) at a temperature of 23°C +2°C with a cycle 
of 12 hr light and 12 hr darkness. Each cage was fitted at the 
front with two drinking valves (Edstrom Industrial, Inc., WI) 
connected through 8 cm plastic tubes to two 40 ml syringes. 
The two drinking valves were used during testing with an 
additional valve fitted at the back of the cage to supply tap 
water in between tests. Unless otherwise specified, rats were 
fed on lab chow (Weizmann Institute) and water ad lib in 
their home cages. 

Four male baboon (Papio anubis) monkeys, 4-6 years 
old, weighing 18-20 kg, were housed individually in cages (84 
cm length, 49 cm width and 120 cm height) containing two 
1000 ml bottles fitted with rubber stoppers connecting stain- 
less steel drinking spouts. The baboons were kept under a 
cycle of 12 hr light and 12 hr darkness with a maintained 
temperature of 23°C +2°C. Each monkey was fed daily: 300 g 
food pellets (Weizmann Institutue), 60 g of a mixture of 
leguminose seeds, 30 g sunflower seeds and 200 g vegetables 
or oranges. Vitamin C was given in the drinking water. 


Evaluation and Presentation of Data 


The Wilcoxon matched-pairs signed rank test [22], paired 
t-test or one-way analyses of variance (ANOVA) using ran- 
domized block design were performed on the intake data 
(intake data across concentration of an individual subject 
comprising one block). When the F value was significant (at 
a 5% level or less), Duncan’s test was used for comparisons 
of the difference among the means. In addition, whenever 
intake measurements were recorded for more than one con- 
centration of NHDHC in individual subjects, the Friedman 
two-way analysis of variance by ranks [22] was used as a 
‘‘repeated measures”’ statistical design. Preference behavior 
is expressed as percent preference and defined as: Intake of 
tastant (ml)/Total volume intake (ml) x 100. 


EXPERIMENT 1: BRIEF EXPOSURE PREFERENCE 
TEST IN RATS 


Brief exposure preference tests, where the taste stimuli 
are available for only a few minutes, are considered to be 
more valid measurements of taste with little confounding by 
postingestional factors [3, 15, 21]. 


METHOD 


Thirty-six Sabra male rats, weighing 200-250 g, were 
trained during a 5 day period (1 hr daily) to approach and 
sample a preferred solution of 6.2 mM sodium saccharin vs 
water in a two-choice situation [3]. At the end of the training 
period, more than 90% of the liquid intake was from the 
saccharin solution. Animals were then divided into 3 groups 
of 12. Each group was subjected, 3 times a week on alternat- 
ing days, to preference tests between a single concentration 
of NHDHC in water vs water. Tests were conducted be- 
tween 6-7 p.m. in the dark cycle using a red lamp for illumi- 
nation. Positional effects were avoided by randomizing the 
location as well as alternating the position of the taste solu- 
tion. Each group of animals was presented with increasing 
concentrations of NHDHC in the following order: 

Group 1: 4.1x10~’, 4.1x10-®, 4.1«10-5, 1.6x10-* and 
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FIG. 1. The percent preference (A) of NHDHC flavored water when 
paired with water and the total volume intake (B) in rats and baboon 
monkeys. The monkeys results are the mean and SEM of 24 experi- 
ments for each concentration using 4 monkeys. The rats results are 
the mean and SEM of 12 rats per each concentration. *Indicates a 
significant difference (p<0.05) between NHDHC intake and water. 
All volume intake data not designated by the same letter are differ- 
ent at p<0.05. 


2.4x10-* M, (2.5x10-°-1.5x10~'%). Group 2: 1.6x10-’, 
1.6x10-®, 1.6x10-5, 8.2x10->5 and 1.2x10-? M (1x10-*- 
7.5x10-*%). Group 3: 8.2x10-*§, 8.2x10-7, 8.2x10-® and 
4.1x10-* M (5x 10-*-2.5x 10-*%). 

In a separate experiment, 15 additional male Sabra rats 
(Group 4, weighing 150-200 g) were trained to approach a 
preferred solution in a short-term preference test as de- 
scribed above. A 1-hr and a 24-hr preference test were then 
conducted between a solution containing the high concen- 
tration of NHDHC (8x 10-* M, 0.5%) vs water. 


RESULTS 


Overall analysis of variance (ANOVA) of the percent 
preference (ml of NHDHC intake/total ml intake = 100) indi- 
cated that rats were indifferent to solution containing up to 
2.4x 10-* M (0.15%) NHDHC (Fig. 1), F(13,154)=1.40. 

The Friedman two-way analysis of variance applied to the 
percent preference values indicated no overall effect of 
NHDHC concentration upon preference within each of the 
first 3 groups of rats. Group 1: yr°(4)=2.2, N=12, p>0.8; 
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Group 2: yr°(4)=1.2, N=12, p>0.9; Group 3: yr*(3)=4.7, 
N=12, p>0.5. Furthermore, no overall subject effect was 
found upon preference within each group of rats subjected to 
specific concentrations of NHDHC. Group 1: xr*(11)=12.8, 
N=5, p>0.5; Group 2: yr*(11)=14.5, N=5, p>0.3; Group 3: 
xr(11)=10.6, N=4, p>0.06. 

In a separate experiment carried on in group 4, a solution 
of 8.2x 10-* M NHDHC was consumed less than water dur- 
ing | hr test, with the percent preference for NHDHC being 
9.0+2.4 (Wilcoxon matched-pairs test: T=0, N=15, 
p<0.01). 

The total volume intake (Fig. 1B) was not stimulated at 
any concentration of NHDHC, F(13,154)=0.87. 


EXPERIMENT 2: BRIEF-EXPOSURE PREFERENCE 
TEST IN BABOON MONKEYS 


METHOD 


During a 10 day period, 4 baboon monkeys were trained 
to approach and sample a preferred solution of 10 mM aspar- 
tame [20] vs water in a two-choice situation. It was found 
that these monkeys were then able to distinguish between 
the two solutions when the test was as short as 30 seconds. 
During this time, each monkey consumed 60-90 ml from the 
sweet-flavored water and 10-20 ml from the water. Follow- 
ing the training period, animals were subjected to 30 seconds 
preference tests between a single concentration of NHDHC 
in water vs water before breakfast time. Each monkey was 
offered from lower to higher concentrations of NHDHC as 
follows: 1.6 107, 1.6 10-7, 1.6« 10~®, 1.6 1075, 1.6 10~, 
1.6x10-% and 1.610? M (1x 10-*-1%). Two 30 sec prefer- 
ence tests were performed each day between 7 a.m. and 8 
a.m. per animal with an interval of 30 min between the two 
tests. Position effects were avoided by randomising the lo- 
cation as well as alternating the position of the taste solution. 

RESULTS 

A reliable brief exposure (30 sec) preference test was elabo- 
rated for baboon monkeys. Overall ANOVA of the percent 
preference showed that baboon monkeys selected solutions 
containing 1.6 10-> M (1x 10-*%), 1.6 10~* M (0.01%) and 
1.6x10-°M (0.1%) NHDHC over water, F(7,161)=15.8, 
p<0.001 (Fig. 1A). Results of the Wilcoxon matched pairs 
signed rank test were: 1.6 10-> M NHDHC, T=7, N=24, 
p<0.01, 1.6x10°* M NHDHC, T=0, N=24, p<0.01, 
1.6x 10-* M NHDHC, T=75, N=24, p<0.05. Solutions con- 
taining lower than 1.6 10->° M NHDHC were selected indif- 
ferently as compared to water. A solution of 1.6 10~? M was 
consumed less than water, T=74, N=24, p<0.05. 

The Friedman two-way analysis of variance applied to the 
percent preference values indicated an overall effect of 
NHDHC concentrations upon preference, yr*(7)=19, N=4, 
p<0.01. However, there was not an overall subject effect 
upon preference of the four baboons subjected to various 
concentrations of NHDHC, yr*(3)=6.8, N=8, p>0.05. 

The total volume intake of both choices (Fig. 1B) was 
stimulated over the range from 1.6x10~° to 1.6x10°? M 
NHDHC, F(7,161)=43.3, p<0.001. 

The calculated amounts of NHDHC consumed increased 
with concentration. Thus, when the test solution offered 
concentrations of 1.6 10~* M, 1.6 10-* M and 1.6 10-? M, 
NHDHC, the average absolute amounts of NHDHC con- 
sumed by a baboon monkey were: 1.2 1075, 7.5 10~° and 
5.9x 10~* moles, respectively. 
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EXPERIMENT 3: LONG-TERM PREFERENCE TEST 
IN RATS 


METHOD 


Thirty-nine weanling Sabra male rats (50 - 60 g) were 
used. During the acclimation period of 5 days, the animals 
were maintained ad lib on rat chow and tap water. The 
animals were then randomly divided into 6 groups (6-7 
animals per group). Each group was subjected to a two- 
choice preference test [18,19] between a single concentration 
of NHDHC in water vs water for a period of 11 days. During 
this period, the animals were maintained on chow ad lib. The 
amount of fluid consumed was measured every 24 hr. The 
positions of the drinking valves were alternated daily and 
solutions were completely changed every 24 hr. The follow- 
ing concentrations of NHDHC in water were used: 
1.61078, 1.6x10-7; 1.6x10-*, 1.6x10-5, 1.6x10-* and 
1.2x 10-3 M (1x 10-*-7.5x 10-*%). 

In order to investigate whether the individual behavioral 
responses among rats for NHDHC also occur for yet another 
artifical sweetener, namely, aspartame, an additional prefer- 
ence test was carried out: Five male Sabra rats (200-250 g) 
and 5 male Wistar rats (200-250 g) were subjected to a two- 
choice preference test as described above between 3.4 10™* 
M (0.01%) aspartame in water vs water during a period of 7 
days. 

RESULTS 

Overall ANOVA for the percent preference for NHDHC 
showed that rats as a group were consistently, from day | to 
day 11, indifferent to concentrations of up to 1.2x10~* M 
(7.5x 10-*%) NHDHC (Table 1). Day 1: F(5,34)=0.75, Day 
6: F(5,34)=0.12 and Day 11: F(5,34)=0.84. 

In a separate experiment, a solution containing 8.2 x 10~° 
M (0.5%) NHDHC was consumed less than water in a 24 hr 
test (Experiment 1, Group 4). Percent preference: 9.9+2.0 
(T=0, N=15, p<0.01). When calculations were made for 
individual rats during these 11 days (Fig. 2), 13 rats con- 
sumed less from the NHDHC solution than from water. 
Three rats, however, preferred the NHDHC solution to 
water. 

Similarly, individual differences in preference among rats 
were found for aspartame. Among 5 Sabra rats, 2 rats con- 
sumed less from 3.4 10~* M aspartame solution than from 
water, whereas the other three were indifferent during the 7 
day experiment. Rat | percent preference: 19.7+6.3 (T=0, 
N=7, p<0.02). Rat 2 percent preference: 28.2+5.3 (T=1, 
N=7, p<0.05). Among 5 Wistar rats, one animal consumed 
less of the aspartame solution. Percent preference: 37.4+5.1 
(T=2, N=7, p<0.05). The other four rats were indifferent. 


EXPERIMENT 4: PREFERENCE TEST 
USING ANOSMIC RATS 


METHOD 


The aversion behavior observed when rats were exposed 
to solutions containing very high concentrations of NHDHC, 
raised the question whether the behavioral responses were 
due to taste quality alone or also due to olfaction. A prefer- 
ence test between 8.2 10-* M NHDHC solution vs water 
was conducted after animals were rendered anosmic by the 
ZnSO, technique [1]. 

In order to determine the persistence time of olfactory 
deficit produced by the ZnSO, anosmia, 5 male Sabra rats 
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PERCENT PREFERENCE OF NHDHC FLAVORED WATER WHEN PAIRED WITH WATER AND TOTAL VOLUME INTAKE AS A FUNCTION OF 
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*Values are mean + SEM of 6-7 rats/group. 
+ml of NHDHC intake/total volume intake (ml) x 100. 


(350 g) were trained to discover flavored (strawberry) food 
pellets hidden under 5 cm sawdust bedding in a wooden-free 
field box (12012060 cm). During 7 days training, each 
animal was placed twice a day in the test box until food was 
discovered. The location of the hidden pellets was changed 
for each test. After each daily test was completed, animals 
were returned to their home cages where water was available 
and food was offered during the dark period only. Following 
the training period, all 5 rats were able to discover the hidden 
pellets within less than 30 seconds. Rats were then rendered 
anosmic by anesthetizing with ether and injecting a few 
drops of 5% ZnSO, using a syringe that had been inserted 
into the mouth and entered into the nasal cavity via the 
posterior choanea located behind and above the palate [1]. 
Six hours after anosmia was completed, the test for discover- 
ing hidden food was performed again. Similar tests were 
conducted subsequently once a day for the next 11 days. A 
ceiling of a 5 min period was determined as the maximum 
length of time allowing food to be found in each test. 

After the persistence time of the ZnSO, anosmia was de- 
termined for the Sabra rats, 6 different male Sabra rats (200 
g) were trained to a two-choice, brief exposure preference 
test as described in Experiment 1. Three animals were then 
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subjected to 24-hr preference tests between a solution of 
8.2 10-? M NHDHC vs water while the other 3 rats were 
offered the choice between 6.2 mM sodium saccharin solu- 
tion vs water. In the next 24 hrs, animals that had been 
exposed to the NHDHC test in the first day were offered the 
choice between saccharin and water and the animals that had 
been exposed to saccharin were now offered the choice be- 
tween NHDHC (8.2 10-* M) vs water. Following these two 
24 hr preference tests, animals were rendered anosmic by 
ZnSO, and during the next 48 hrs, they were re-exposed to 
the same two 24 hr preference tests as performed before 
anosmia. 


RESULTS 


During the 48 hrs after the ZnSO, anosmia was produced, 
the Sabra rats were anosmic (Fig. 3). From day 3 to day 11, 
animals began gradually to respond to odors. The results of a 
24 hr preference test between a solution of 8.2x10-* M 
NHDHC vs water performed before and after (within 48 hrs) 
anomsia, indicated no change in the aversive behavior of the 
rats towards the NHDHC solution. Percent preference for 
NHDHC before anosmia: 8.8+4 (T=0, N=6, p<0.05). After 
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FIG. 2. Percent preference of NHDHC flavored water when paired with water in a 
long-term test. Each bar represents the mean and SEM of 11 day measurements in each 
rat. *Indicates significant differences (p<0.05) between NHDHC solution and water 


intake. 
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FIG. 3. The persistence time of olfactory deficit produced in the Sabra rats by the ZnSO, 
technique. A: values are the discovery time (means and SEM) of odor-flavored food in a 
free-field situation by 5 trained rats before anosmia. B: the discovery time by each of the 
5 trained rats (represented by 5 different symbols) after anosmia was rendered. Numbers 
in parentheses indicate the number of animals still in the anosmic state. 


anosmia: 15.8+3.2 (T=0, N=6, p<0.05). Under these cir- 
cumstances, animals did not change their strong preference 
for a solution of 6.2 mM sodium saccharin. Percent prefer- 
ence before anosmia: 99.9+0.18 (T=0, N=6, p<0.05). After 
anosmia: 94.4+5.5 (T=0, N=6, p<0.05). 


EXPERIMENT 5: ELECTROPHYSIOLOGICAL 
EXPERIMENTS IN RATS 


METHOD 


Ten Wistar male rats, weighing 200-450 g were used, 6 for 
recording from the chorda tympani and 4 from the glos- 
sopharyngeal nerve. All the animals were deprived of water 
5-6 hr before the experiment. The animals were deeply 
anesthetized by intraperitoneal injection of a mixture of 
sodium pentobarbital (50 mg/kg) and urethane (0.7 g/kg). The 
trachea was cannulated and the hypoglossal nerves were cut 
bilaterally to avoid possible tongue movements. The chorda 
tympani and the glossopharyngeal nerves were exposed and 
cut centrally by the lateral approach. Whole nerve and/or a 
few fiber responses were amplified, displayed and stored on 
magnetic tape by standard techniques and later counted with 
a spike counter (model DSE-325P, DIA Medical System 
Co.). 

Solutions serving as taste stimuli were 1.6x10-°, 
1.6x10-7, 1.6x10~*, 1.6x10-5, 1.6x10-*, 1.6x10-* and 
8.2x10-* M NHDHC, 0.2 M DlL-alanine, 0.02 M Na- 
saccharin, and the four basic taste solutions (1.0 M sucrose, 
0.1 M NaCl, 0.03 M HCI and 0.02 M quinine-HCl) made up 
with distilled water (specific conductivity <5x10-’ 
mhos/cm). When recording was performed from the chorda 
tympani, about 3 ml of a test solution was passed by gravity 
flow through a burette held just above the center of the ex- 
posed tongue surface. When recording was from the glos- 
sopharyngeal nerve, a small flow-chamber was placed on the 
circumvallate papilla through which a test solution was con- 
tinuously passed [23]. Deionized water was followed after 
each stimulation for rinsing. In order to avoid the effect of 


the preceding stimulus, the interval between successive 
stimulations was at least 1 min. Taste solutions and rinsing 
water were kept at 37+1°C. 


RESULTS 

Sample records obtained from the whole chorda tympani 
in response to various taste stimuli applied to the anterior 
part of the tongue are shown in Fig. 4. Solutions of NHDHC 
ranging from 1.6 10-7 to 1.6 10-* M induced no detectable 
changes in spontaneous firing rate in contrast to the marked 
responses evoked by the four basic tastes and by Na- 
saccharin and DL-alanine. The very high concentration of 
8.2x 10°? M NHDHC, however, showed a slight increase of 
the spontaneous discharges. 

Taste responses in a few fiber strand obtained from the 
glossopharyngeal nerve which induced the most dominant 
responses to sweet-tasting substances are shown in Fig. 5. 
As indicated in this figure, essentially no responses were 
observed to NHDHC at any concentration even in such 
highly sweet-sensitive fibers. 

The magnitude of neural responses in 6 chorda tympani 
and 4 glossopharyngeal nerves to various concentrations of 
NHDHC was compared with those of the four basic tastes 
and with those of alanine and saccharin. The results are pre- 
sented in Fig. 6. Although in general variability among indi- 
viduals was observed, negligible or only weak neural re- 
sponses were induced by solutions of NHDHC at concen- 
trations ranging from 1.6x10~-° M to 1.6x10-* M in both 
nerves. A very high concentration of 8.2 10°* M NHDHC 
induced small but consistent responses in both nerves. Solu- 
tions of 1.6 10-5, 1.6 10~* and 8.2 10-* M NHDHC elic- 
ited more pronounced responses in the glossopharyngeal 
nerve as compared to the chorda tympani. 


GENERAL DISCUSSION 


The results of this study suggest that, in general, rats 
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FIG. 4. Neural responses of the whole chorda tympani to solutions of NHDHC and additional taste stimuli. Each 
solution was applied during the period indicated by the horizontal line. The number of impulses is displayed in 


successive | sec periods. 
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FIG. 5. Neural responses of a few fiber strands in the glossopharyngeal nerve to solutions of NHDHC and additional 
taste stimuli. Each solution was applied during the period indicated by the Horizontal line. The number of impulses 


is displayed in successive 1 sec periods. 
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FIG. 6. Impulses induced in the chorda tympani and the glos- 
sopharyngeal nerve by solutions of NHDHC and additional taste 
stimuli. Each bar represents the mean and SEM of impulse dis- 


charges in 6 chorda tympani and 4 glossopharyngeal nerves. Ordi- 
nate indicates the number of impulses (spontaneous discharges were 
subtracted) during the first 15 sec after onset of stimulation. Note 
that responsiveness of the glossopharyngeal nerve to 1.6x10~°, 
1.6x 10-® and 1.6x 10-* M NHDHC were not tested. *Indicates sig- 
nificant responses obtained by f-test (p<0.05). 


show weak behavioral and electrophysiological responses to 
the taste of aqueous solutions of NHDHC. The behavioral, 
as well as the electrophysiological responses, varied among 
individual rats. When comparisons of the percent prefer- 
ences were made on an individual basis (Fig. 2), 59% (23/39) 
of the animals were indifferent to solutions containing up to 
1.2x10-* M NHDHC. About 33% (13/39) of the rats found 
these solutions aversive and less than 8% (3/39) of the 
animals showed a preference. The differences among indi- 
viduals do not appear to be dependent on the concentration. 
A very high concentration of 8.2x 10-3 M NHDHC was re- 
jected by all rats. Since almost no electrophysiological re- 
sponses were observed when NHDHC solutions were 
applied to the sweetest sensitive fibers of the glos- 
sopharyngeal nerve, the sensation of sweet taste due to 
NHDHC in rats is unlikely. Furthermore, the aversive be- 
havior shown for NHDHC solutions in many rats may be 
explained by the electrophysiological data indicating more 
pronounced responses to NHDHC in the glossopharyngeal 
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as compared to the chorda tympani nerves (Fig. 6). It is known 
that the glossopharyngeal nerve is more sensitive than chorda 
tympani to bitter compounds [17] and one may therefore specu- 
late that NHDHC taste bitter to some rats. It seem that the 
same phenomenon occurs also in rats in the case of the syn- 
thetic sweetner aspartame. Seven of the 10 rats tested were 
indifferent to the taste of aspartame solution (3.4 10-* M) 
whereas 3 animals found this solution aversive during a 
7-day experiment. These results support therefore the sug- 
gestion [17] that aspartame may taste bitter to rats. The av- 
ersive behavior of rats in response to the very high concen- 
tration of NHDHC (8.2 10-* M) was due to taste sensation 
rather than olfaction since anosmic rats still rejected the 
NHDHC solution. It is worthwhile to note that the ZnSO, 
anosmia did not diminish the ability of the Sabra rats to show 
normal clear preference for 6.2 mM solution of sodium sac- 
charin. It was found, however, that the persistence of olfac- 
tory deficit after producing the ZnSO, anosmia in the Sabra 
rats is limited to a period of 48 hr (Fig. 3) 

No large difference in preference behavior of rats for 
NHDHC was found between the brief exposure (10 min or |! 
hr) and the long-term (24 hr—11 days) tests. Moreover, no 
changes in preference or in the total volume intake were 
found across concentrations of NHDHC or across the 11 
days of experiments. This suggests that any postingestional 
factors [3, 14, 21] which may affect the drinking behavior of the 
animals were not appreciable in our experiments. 

Contrary to the rat results, strong behavioral responses to 
NHDHC solutions were observed by baboon monkeys. The 
procedure elaborated upon in this study suggests that a brief 
exposure of 30 sec allows enough time for the trained ba- 
boons to make a reliable choice. A solution of 1.6 10~-* M 
NHDHC was the most preferred (Fig. 1). A solution contain- 
ing 1.6x10-° M NHDHC was the minimum concentration 
where preference could be noticed in the baboon monkey. 
Only the very high concentration of 1.6x 10-7? M NHDHC, 
an almost saturated solution of this material, was consumed to 
a lesser extent than water. The total volume intake of the 
flavored solution and water was stimulated over the range of 
1.6 10-5 M to 1.6x 10°? M NHDHC suggesting an increase in 
the appeal as a function of concentration of NHDHC. Further- 
more, the absolute amounts (moles) of NHDHC consumed 
were consistently increased when the solution offered higher 
concentrations of NHDHC even though the percent of prefer- 
ence was reduced at higher concentrations. Thus, in terms of 
the quantity (moles) of NHDHC consumed, the highest concen- 
tration of NHDHC was not aversive to the baboon monkevs 

In summary, the range of concentrations where NHDHC 
elicited behavioral responses in the baboon monkeys was 
similar to that observed in human subjects [12]. The present 
study, therefore, supports the thesis [9] that sweet responses 
for synthetic sweetners in animals more closely related to 
man, present the sweetness perception in humans better than 
other animals, such as rats, guinea pigs and hamsters [2, 8, 17]. 
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THERE is considerable in vivo evidence that alterations in 
serum glucose modulates the responsiveness of animals to 
opiates. As early as 1956, Davis et al. [7] reported that hy- 
poglycemia potentiates the antinociceptive action of mor- 
phine in the rat tail-flick test. Also, genetically diabetic 
(hyperglycemic) C57 BL/Ks-db+/db+ (db/db) mice have in- 
creased tail flick latencies to radiant heat and to the induc- 
tion of tail pinch consummatory behavior relative to their 
littermate controls [14]. Simon et al. [27,28] reported that the 
antinociceptive potency of morphine, phenazocine and 
levorphanol was significantly decreased in streptozotocin- 
induced diabetic rats and rats pretreated with hypertonic 
dextrose or fructose. 

Among the numerous regulatory functions of the endoge- 
nous opiates these peptides have been shown to act as pow- 
erful neuromodulators of the feeding drive [17, 20, 25]. Sys- 
temic administration of the opiate antagoist, naloxone, de- 
creases feeding in food deprived animals [3,10]; during 
stress-induced feeding [15,18]; after muscimol-induced [22], 
norepinephrine-induced [23] or diazepam-induced [29,30] 
eating; and in responses on operant schedules for food rein- 
forcement [8]. Central administration of the opioid peptides 
B-endorphin [9], D-ala?-met-enkephalinamide [26] and 
dynorphin [19] have been reported to induce feeding in sated 
rats. In the present study we evaluated the effect of chronic 
hyperglycemia on naloxone induced suppression of food in- 
take in genetically diabetic and streptozotocin induced dia- 
betic mice. 





Streptozotocin 


METHOD 
Animals 


Age matched (3—4 months old) male C57 BL/Ks-db+/db+ 
(40-50 g) and their heterozygote controls (db/m) (25-30 g) 
kept under standard lighting and temperature conditions (12 
hour/day artificial light, 6 a.m. to 6 p.m., 25°C) and given free 
access to Purina laboratory chow and water, were used in 
these studies. In addition, C57 BL/6 mice were made dia- 
betic by intraperitoneal injection of streptozotocin (125-200 
mg/kg as a single IP dose). C57 BL/Ks-db/m breeding pairs 
were purchased from Jackson laboratories (Bar Harbor, ME) 
and bred at the University of Minnesota mouse colony (De- 
partment of Laboratory Medicine and Pathology, Min- 
neapolis, MN). C57 BL/6 mice were obtained from the 
Mammalian Genetic Section of the National Cancer Institute 
through a VA-NCI contract. Plasma glucose levels were ob 
tained by retroorbital puncture to confirm the diabetic or 
non-diabetic status of all animals being used. Glucose was 
analyzed on a Beckman glucose analyzer (Fullerton, CA). 


Experimental Design 


Daytime eating was stimulated in all mice by 20 hour food 
deprivation (water present). Naloxone (Endo Products, Gar- 
den City, NY) was administered in a 0.2 cc volume of saline 
subcutaneously. Immediately after naloxone injection, mice 
were placed into plastic boxes unfamiliar to the animals for a 
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FIG. 1. The effect of naloxone on food intake in genetically diabetic 
(db/db) mice and their heterozygote littermates (db/m); **p<0.001 
and *p<0.01. db/db: F(7,68)=8.6, p<0.005; db/m: F(4,47)=5.10, 
p<0.005. 


30 minute period and given one pellet of pre-weighed Purina 
laboratory chow (3—4 g). At the end of this period the food, 
including spillage, we weighed to the nearest 10 milligrams to 
determine food intake. Serum glucose was monitored in 
fasted animals 10 minutes after injection of naloxone by col- 
lecting trunk blood following decapitation of the mice. 


Statistics 
Results were analyzed by one way analysis of variance 
followed by the two-tailed unpaired Student’s f-test. 


RESULTS 


The genetically diabetic mouse proved to be supersensi- 
tive to naloxone’s suppressive effect on food intake. 
Whereas 4 mg/kg naloxone was necessary to suppress feed- 
ing in the db/m mice, only 0.05 mg/kg significantly sup- 
pressed eating in the db/db mice (Fig. 1). To determine whether 
this supersensitivity to naloxone was related to the genetic 
background of the db/db mice or to their intrinsic insensitiv- 
ity to insulin, the effect of naloxone on mice rendered dia- 
betic by administration of streptozotocin was evaluated. 
Streptozotocin-diabetic mice were also supersensitive to 
naloxone’s suppressive effect on feeding. Only 0.001 mg/kg 
naloxone suppressed eating in the streptozotocin-diabetic 
mice in comparison to | mg/kg naloxone in control mice 
(Fig. 2). 

Administration of naloxone did not alter serum glucose in 
either the db/db or db/m mice (db/db: saline 274+41 vs 
naloxone 267+30 mg/dl; db/m: saline 90+5 vs naloxone 
89+6 mg/dl). 


DISCUSSION 


In the present study db/db mice were supersensitive to 
the well documented [2, 12, 15, 16, 18] suppressive effect of 
naloxone on eating. Ob/ob mice have been shown to have 
increased endorphin levels in the pituitary [16] and are also 
more sensitive than control mice to naloxone-induced sup- 
pression of food intake. King et al. [12] demonstrated that 
the decrease in feeding after naloxone was more pronounced 
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FIG. 2. Effect of naloxone on food intake in streptozotocin-induced 
diabetic mice and their controls; *p<0.01 and +p<0.05. Strep- 
tozotocin: F(8,56)=4.0, p<0.005; Control: F(3,36)=6.2, p<0.005. 


in animals made obese by knife cuts in the ventromedial 
hypothalamus (VMH) than in their littermate controls. It 
therefore appears that obese animals in general may be 
supersensitive to naloxone. To test whether the supersen- 
sitivity of the db/db mice to naloxone may be due to the 
genetic background of the db/db mouse and/or the obesity, 
we investigated the effects of naloxone on food intake in 
streptozotocin-induced diabetic mice. These mice displayed 
an ever greater degree of sensitivity to naloxone than did the 
db/db mice. Db/db, ob/ob and streptozotocin-induced dia- 
betic mice all have increased serum glucose concentrations 
and some alteration in insulin status when compared to their 
controls. Since the sensitivity to opioid blockade by 
naloxone on food intake is enhanced in each of these animal 
models, it appears that either glucose or insulin may alter the 
opiate receptor. Recently, we and others have found that 
insulin-induced hypoglycemic rats are insensitive to 
naloxone diminution of food intake [13,15]. Doses as high as 
20 mg/kg did not alter insulin-induced feeding over a three 
hour period whereas starvation-induced feeding over the 
same time period was suppressed by naloxone at a dose of | 
mg/kg. This further suggests that insulin or glucose may 
modify opiate effects on food intake. Preliminary data from 
our laboratory indicates that glucose, when added to an in 
vitro opiate assay, significantly increases both the K, and 
Bmax Of tritiated naloxone binding to membranes isolated 
from whole brain [21]. 

A relationship between the opiates and glucose has been 
recognized since Claude Bernard [1] first described the 
hyperglycemic effect of morphine. Intraventricular adminis- 
tration of beta-endorphin also increases blood glucose levels 
[4]. In the present study naloxone, however, had no inlfu- 
ence on serum glucose levels in the db/db or db/m mice. Yim 
et al. [31] have recently reported that 10 U/kg insulin re- 
sulted in hypoglycemia, but did not elevate plasma beta- 
endorphin levels in rats, whereas administration of 
2-deoxyglucose doubled beta-endorphin levels. In contrast, 
Nakao et al. [24] reported a substantial rise of plasma beta- 
endorphin levels after insulin-induced hypoglycemia in hu- 
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mans. The mechanism of the interaction between blood glu- 
cose concentration and the sensitivity of animals to naloxone 
induced food suppression remains to be investigated. 

The obese diabetic mouse (db/db) has been used as an 
experimental model to study obesity and diabetes since the 
discovery of this recessively inherited mutation [11]. The 
obesity of db/db mice is due to both hyperphagia and in- 
creased metabolic efficiency [5,6]. Hyperphagia may result 
from one or more components of the systems controlling 
satiety. Based on a series of parabiosis experiments, Cole- 
man [5] suggested that db/db mice have a defect at the level 
of the satiety circuitry which secondarily results in the over- 
production of a circulating satiety factor to which they are 
insensitive. The data from the present study suggest that the 
hyperphagia observed in db/db mice may also be due to an 
alteration in the putative food regulating effects of the en- 
dogenous opiates. 
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In conclusion, it appears that alterations in serum glu- 
cose not only modulate the responsiveness of animals to the 
analgesic properties of opiates but may also affect the food 
regulation properties of opiates. Based on preliminary data 
from our laboratory [21] such modulation in the sensitivity of 
opiates may be due to the effect of glucose on the opiate 
receptor. 
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ROUSSEL, B., P. TURILLOT AND K. KITAHAMA. Effect of ambient temperature on learning. PHYSIOL. BEHAV. 
28(6) 991-993, 1982.—After a three week exposure at 34, 25 or 10°C, three strains of mice (CS7BL/6, BALB/c and A/J) 
underwent a conventional active two-way avoidance task. As compared to 25°C of ambient temperature, acquisition on the 
first day was severely impaired in the three strains at 34°C and in the CS7BL/6, and A/J mice at 10°C. Learning scores on the 
second day were diminished in the C57BL/6 strain at 34°C and 10°C and in the BALB/c strain at 34°C. The mechanisms of 
such an impairment in learning at high or low temperature are discussed. 


Mouse Learning Ambient temperature 





IT is known that ambient temperature can interfere with 
learning processes in various species. Optimum task per- 
formance was found to occur at an ambient temperature of 
22°C in man [1] and 21°C in the fish [2], though in rodents the 
results are somewhat conflicting. Low ambient temperature, 
which induces hypothermia in mice [5, 15, 16], has been 
shown to elicit a significant learning impairment. However, 
hypothermic rats placed in the cold were still able to learn a 
heat reinforcement task, whether or not their rectal tempera- 
ture dropped below 25°C [11,12]. A 7 or 13°C central body 
temperature decrease in mice did not impair a shock-elicited 
escape behavior in a brightness discrimination task [3]. Fur- 
thermore after a learning session, thermal treatments (hypo 
or hyperthermia) have been shown both to severely disrupt 
memory trace formation [6, 9, 10] and in some circumstances 
to be without effect [8]. All these experiments have been 
performed under acute conditions and the large shifts in am- 
bient or body temperature may have acted as severe stres- 
sors causing impairments in learning or memory [18]. The 
aim of the present study was therefore to examine the effect 
of long term exposure to high (34°C) or low (10°C) ambient 
temperature on learning and memory ability in three inbred 
strains of mice. Three weeks of exposure were chosen be- 
cause after this length of time adaptation is complete, the 
stress effect is eliminated [4] and after the initial disturb- 
ances, physiological variables have reached a steady state: 
body temperature [13], hormonal status [14] and the sleep- 
waking cycle [17]. 


METHOD 


Animals 


Ninety-two male mice from three highly inbred strains, 
C57BL/6, (n=32), BALB/c/Orl (n=31) and A/J (n=29) were 
used. The animals were aged between 10 and 15 weeks and 





weighed 25 to 30 g at the beginning of the experiment. They 
were housed in plastic cages in groups of 4 and had free 
access to food and water. The cages were placed in a ther- 
moregulated room (25+0.1°C), illuminated from 7 a.m. to 7 
p.m. (200 lux). 


Experiment Design 


After habituation to the experimental conditions, each 
strain was divided into three groups of animals according to 
the exposure temperature (25+0.1°C, 34+0.1°C and 
10+0.1°C) with the animals placed at 25°C considered as a 
control group. The learning sessions were performed after 
three weeks of continuous exposure to the ambient tempera- 
ture chosen. 


Learning Task 


A conventional learning box was used. The apparatus 
consisted of two equal black linked Plexiglas compartments 
(10 cm wide, 25 cm long, 32 cm high) with the floor made 
from stainless steel rods connected to a stimulus generator. 
The animal was placed in one compartment and the con- 
ditioned stimulus (CS), the sound of a buzzer was presented. 
Movement of the animal to the other compartment within 5 
sec of the CS onset resulted in CS termination and avoidance 
of the unconditioned stimulus (UCS, scrambled footshock of 
0.5 mA). Failure to cross the passage between the two com- 
partments within 5 sec resulted in the UCS being applied 
until the animal escaped to the safe compartment. Each 
animal underwent 60 consecutive trials a day, spaced by | 
minute intervals, over a period of 2 days. The results were 
analysed by a four-way analysis of variance (Strain- 
Temperature-Day-Block of trials). When interactions 
yielded a significant F ratio, the significance between means 
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was evaluated with the calculated smallest significant differ- 
ence for p<0.05. 


RESULTS 

At 25°C learning performances were similar in the three 
strains: 52% correct responses were scored on day | and 
81% on day 2 (Fig. 1). At 34°C in all strains acquisition on 
day | was impaired as compared to 25°C (—56%, p<0.05). 
Learning scores on day 2 were not affected however in the 
A/J strain which reached 77% correct responses, but only 
41% correct responses were scored on day 2 in the BALB/c 
and C57BL/6 mice, i.e., 50% less than the control groups at 
25°C (p<0.05) (Fig. 1). 

At 10°C in BALB/c mice, learning on day | was slightly 
improved and performance on day 2 did not change as com- 
pared to 25°C (Fig. 2); but learning scores on day | in A/J and 
C57BL/6 animals were significantly lowered for both strains 
(—40% p<0.05). Further, in the C57BL/6 strain, perform- 
ance on day 2 was also low (40% of correct responses on day 
2), but reached the control level (80% of correct responses) 
in A/J mice. 

In conclusion, a learning deficit was evident in the 
C57BL/6 strain at 34°C and 10°C as compared to 25°C. An 
ambient temperature of 10°C did not affect the learning abil- 
ity of the BALB/c mice and in the A/J strain only learning 
performance on day | was impaired by changes in ambient 
temperature. 


DISCUSSION 


These results show that three weeks exposure to 10 or 
34°C ambient temperature induces in mice a deficit in learn- 
ing ability, especially in the CS7BL/6 strain, as compared to 
25°C. Now it is known that the body temperature is lowered 
by 1°C at 10°C and increased by 1°C at 34°C as compared to 
25°C [13]. Even moderate hypothermia has been shown to 
cause a severe impairment in learning ability in mice [5, 15, 
16] and a rectal temperature increase of 2-3°C in rats has 
been demonstrated to serve as a potent amnestic agent: the 
deficit in memory being directly related to the degree of 
hyperthermia [10]. In the present study, exposure to 34°C 
ambient temperature impaired learning ability more severely 
than exposure to 10°C. This may be because 34°C is very 
close to the upper thermal limit compatible with life in mice: 
50% die within 4 days of exposure to 36°C (Roussel, unpub- 
lished results), whereas the lower thermal limit for mice is at 
an ambient temperature of 0°C, and thus 10°C below our cold 
experimental conditions [7]. Our results are however in dis- 
agreement with those of some authors [3, 11, 12, 19]. For 
example, Boyd and Caul [3] have demonstrated that mice 
with a rectal temperature lowered to 27°C or 20°C are still 
able to learn a brightness discrimination task, but escape 
latency is lengthened due to an impairment in locomotor 
activity. It is possible that under the conditions here, a 5 sec 
latency between CS and UCS is too short a time to observe 
the escape behavior effects of cold or heat. However, if this 
argument can be advanced for C57BL/6 strain, it is inappli- 
cable for BALB/c mice at 10°C on day 1 and for A/J mice at 
10 and 34°C on day 2. 

The other authors [11, 12, 19] have found good learning 
ability of a heat reinforcement task in hypothermic rats. 
These animals were placed in an experimental situation with 
a very strong motivation for learning whereas the learning 
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FIG. 1. Learning scores on two consecutive days (D1 and D2) to an 
active avoidance task in three strains of mice after a three week 
exposure at 25°C or 34°C. Abscissa: Blocks of 15 trials. Ordinate: 
Number (+SEM) of avoidances for 10 animals per block. 
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FIG. 2. Learning scores on two consecutive days (D1 and D2) to an 
active avoidance task in three strains of mice after a three week 
exposure at 25°C or 10°C. Same legend as in Fig. 1. 


task imposed on our mice did not include a ‘‘thermal re- 
ward.”’ 

It is clear however that exposure to cold or heat can in- 
duce very large changes in the sleep-waking cycle which can 
interact with learning ability. Though it is unlikely that 
paradoxical sleep (PS) amounts can play a role since for 
example the C57BL/6 strain shows a mean decrease in PS of 
24% over three weeks at 10°C and a mean increase of 57% 
over three weeks at 34°C as compared to a 25°C control 
period. Similarly the PS amounts in the BALB/c strain are 
increased by 40% at 34°C and decreased by 35% at 10°C 
(Roussel, in preparation). However these two strains show 
notable differences in learning ability performed at low or 
high ambient temperatures. The effects observed here could 
appear to be specific responses to the thermal environment. 
The differences in learning on day 1: (CS5S7BL/6 vs BALB/c at 
10°C) or on day 2 (C57BL/6 vs A/J at 34°C) between the var- 
ious strains may be of interest for further investigation. 
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YODYINGYUAD, U., J. A. EBERHART AND E. B. KEVERNE. Effects of rank and novel females on behaviour and 
hormones in male talapoin monkeys. PHYSIOL. BEHAV. 28(6) 995-1005, 1982.—Two social groups of captive talapoin 
monkeys (Miopithecus talapoin), each with three intact adult males and three or four ovariectomized, estrogen-treated 
adult females, were observed. Socio-sexual and aggressive interactions were recorded, and levels of testosterone, cortisol, 
and prolactin were measured in male serum. Cortisol and prolactin titers did not reflect male rank, nor did changes in one of 
these hormones parallel changes in the other. In both groups males formed a linear dominance hierarchy, defined in terms 
of the direction of aggression among animals. Highest male rank was associated with frequent socio-sexual interaction and 
elevated testosterone levels, even in the absence of ejaculations. Males in one group copulated with females, but no male in 
the other group copulated. All males of each group were then housed with all females of the other group which resulted in 
marked changes in males’ behaviour; socio-sexual interactions increased in C group males and decreased in B group males. 
This illustrates the influence that females may have on male behaviour in general, and in particular outlines the potential for 
female dominance and the consequences this may have especially on reproductive behaviour. 


Talapoin monkeys Sexual behaviour Aggression 


Prolactin Primates 


Dominance 


Testosterone Cortisol 





DOMINANCE, variously defined, has long been considered 
an important aspect of social structure [3,59] especially in 
primates [10,70]. The term has often been applied ambigu- 
ously and inconsistently, evoking well-founded criticism, 
and calling into question the value of this concept in the 
study of primate social organization [25, 53, 60]. However, 
recent evaluations of accumulated data [12, 14, 32, 37] have 
confirmed the usefulness of dominance in understanding di- 
verse behavioural and endocrine phenomena. Indeed, if 
dominance is used as an intervening variable [29], assessed 
by clearly defined and highly correlated measures [50], 
knowledge of rank relationships may be useful in predicting 
behavioural interactions and in moving from the level of de- 
scription toward the understanding of deep structure [30,31]. 
Following common practice [15, 59, 65], dominance is here 
defined in terms of the direction of spontaneous aggression 
among members of a social group. 

In many primate groups high-ranking males are sexually 
more active [6, 10, 26, 33, 34, 65], and may leave more off- 
spring [64], than low ranking males. Likewise, high-ranking 
females in many primate groups not only engage more fre- 
quently in sexual interactions, but also reproduce more of- 
ten, than do low-ranking females [1, 18, 19, 24, 55]. Rank- 
dependent distribution of female sexual behaviour and social 





inhibition of reproductive function have also been described 
for female talapoin monkeys [8,35], although this pattern is 
not observed in all captive groups [16,17]. Among male tala- 
poin monkeys, participation in sexual interactions is consis- 
tently rank related [16, 22, 61]. Thus, for both male and 
female talapoins, an animal’s rank relative to others of its 
own gender may influence its reproductive potential. 

Among cercopithecine primates, males of established so- 
cial groups typically dominate females. However, in some 
[15,17], but not all [33,36], captive groups of talapoin mon- 
keys, females dominate males. Under certain conditions, 
female aggression to males is so violent that males may be 
killed by coalitions of females, even when sexually receptive 
females are present [68,69]. Talapoins are thus unusual Old 
World monkeys in that females have the potential to domi- 
nate males, and thereby to influence male behaviour. Conse- 
quently, the behaviour of male talapoins in a social group 
may reflect not only male dominance rank but also the influ- 
ence of females. 

In addition to behavioural adaptations, members of sev- 
eral primate species show adrenocortical responses to social 
manipulations [38, 42, 51] and to the receipt of aggression 
[11, 56, 57, 58]. Changes in circulating levels of testosterone 
have also been associated with participation in aggressive 
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interactions, and with high levels of sexual activity (e.g. [7, 
46, 52]). Prolactin has not previously been measured in 
endocrine studies of primate social behaviour, but levels of 
this hormone are responsive to experimental trauma [49]. 

The present report describes socio-sexual and aggressive 
interactions in two social groups of male and female talapoin 
monkeys. Because males of one group copulated with 
females while males in the other group did not, the 
possibility was available to investigate the extent to which 
these behavioural differences were determined by females. 
Plasma testosterone, cortisol and prolactin were measured to 
examine their relationship to male social rank, and to inves- 
tigate whether these hormones were influenced by different 
female groups. 


METHOD 


Animals 


Six intact adult male, and eight ovariectomized adult 
female, talapoin monkeys (Miopithecus talapoin) were used. 
Males weighed between 1400 and 2200 grams and females 
between 900 and 1200 grams. All monkeys had lived in the 
laboratory for at least two years before this experiment, and 
all but one (FO, reared by Dr. T. E. Rowell) were wild-born. 
Females had been ovariectomized at least one year previ- 
ously. Throughout this experiment each female had a sub- 
cutaneous silastic implant of estradiol-178 that fully devel- 
oped the sex skin swelling and maintained plasma estradiol 
levels at approximately 200 pgml, within the normal range 
for the follicular phase of the talapoin menstrual cycle [35]. 

Each group of monkeys lived permanently in a large cage 
(approximately 3.5x 1.51.7 m) occupying a separate room, 
isolated from direct contact with other monkeys. Cages were 
essentially identical, each containing food hoppers, perches, 
and an ad lib water supply, and each being easily partitioned 
into three compartments of equal size. In both rooms the 
temperature was maintained between 21 and 27°C, and 
fluorescent illumination provided between 08:00 and 20:00. 
Once daily monkeys received Mazuri Primate Diet (British 
Petroleum Ltd), mixed seeds, and fresh fruit (0800 hr). 


Procedures 


Observation. Although in each group all animals lived 
continually in their respective group cages, males were par- 
titioned from females, except during observation, when the 
partition was removed and animals were free to interact. 
When partitioned, males and females could see, hear, and 
smell each other through cracks between partitions, but 
could not interact directly. For each group, a single observer 
behind one-way glass recorded the behaviour of animals for 
two 50-minute periods (beginning at 08:00 or 09:00, and 
17:00) per day; animals were observed four or five days each 
week. Except for B-Group males with familiar females 
(comprising 14, 100-minute observations), each treatment 
described here represents 16, 100-minute observations made 
over a four-week period. During observation all animals in 
the group were monitored continuously and all instances of 
selected aggressive and socio-sexual behaviours (below) 
were recorded, indicating the actors and recipients of these 
behaviours. Inter-observer reliability, assessed before this 
study, was greater than 80% for aggression and greater than 
90% for socio-sexual interactions. 
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The behaviours recorded are described in detail 
elsewhere [17]. Briefly, socio-sexual behaviours include pre- 
sentations (solicitations) by females to males, investigations 
of females’ sex skin by males, mounts of females by males 
and ejaculatory mounts of females. 

Aggressive behaviours include attacks (chase, grab, bite), 
threats (threat face, open-mouth threat, lunge), and dis- 
placements (pushing another monkey aside and assuming its 
place, or simply taking its place). The response of animals to 
attack (i.e., freeze, ignore, withdraw) was also recorded. 

Serum sampling. At 18:00 (immediately following obser- 
vation) on alternate observation days a blood sample (2-4 
ml) was taken from each male by femoral venipuncture 
under ketamine (Vetalar, Parke-Davis, 0.2 ml) anesthesia. 
Animals were not observed on the day following bleeding. In 
each group, capture and withdrawal of blood required less 
than 30 minutes, typically less than 15 minutes. All males 
had been routinely bled by this method twice weekly for 
more than two years and were well habituated to the proce- 
dure. A bleeding regime more disruptive than that used here 
had no effect on cortisol or prolactin levels over this interval, 
even in talapoin monkeys not habituated to capture [21]. 
Blood samples remained at room temperature for one hour, 
and at 4°C overnight, before sera were separated and stored 
at —20°C until assay. For each male, eight serum samples 
were obtained during each four-week treatment. 

Testosterone radioimmunoassay. Androgen titers were 
measured using a testosterone antiserum (described 
elsewhere [40]), that cross-reacts significantly only with 
S5a-dihydrotestosterone (17.5%). On day 1, duplicate serum 
samples (typically 0.005 ml in 0.2 ml PGB) and solvent 
blanks (0.2 ml PGB) were extracted by adding 2 ml fresh 
diethyl ether (Mallinckrodt, AR grade) and vortexing 10 
minutes. The aqueous phase was frozen in dry ice/ethanol, 
and the organic phase decanted, evaporated to dryness at 
37°C under air, and redissolved in 0.1 ml PGB. Antiserum 
(0.1 ml of 1/40,000) was added to samples, standards (7.8-250 
pg testosterone (Sigma) in 0.1 ml PGB), solvent blanks, and 
zero standards (0.1 ml PGB). Label (approximately 5,000 
cpm 1,2,6,7 *H-testosterone, 81 Ci/mmol (Amersham), in 0.1 
ml PGB) was added to all tubes, which were then vortexed, 
covered, and incubated 16-20 hours at 4°C. On day 2, | ml of 
charcoal-dextran suspension (0.2% activated charcoal 
(Sigma) + 0.02% Dextran T20 (Pharmacia) in PGB), contin- 
ually mixing on ice, was quickly added (at Time=0) to all but 
Total Counts tubes. Tubes were rapidly vortexed, and at 
Time=5 minutes were centrifuged for 10 minutes at 1700xg 
(4°C). After centrifugation the supernatant was quickly de- 
canted into vials containing scintillant (Fiso-fluor (Fisons) or 
Picofluor (Packard)); vials were capped, shaken, left to set- 
tle, and counted for 5 minutes. 

The standard curve was parallel to serum dilution curves 
over the range of sample sizes used. For 28 assays, solvent 
blanks (mean=2.9 pg/tube, S.D.=1.4 pg/tube) were below 
the designated sensitivity limit of the assay (90% B/B,=7.6 
pg/tube) and the antibody bound 47% of the testosterone 
label (S.D.=2.8%); mean recovery (+ S.D.) was 98 (+3)% 
and was not corrected for. Intra-assay variability (C.V.) for 
10 replicates was 3.4% and inter-assay variability (28 assays) 
was 7.2%. 

Cortisol radioimmunoassay. Cortisol levels were meas- 
ured with a commercial antiserum (Steranti C001, Batch 
9791) using a modification of the protocol supplied. Cross- 
reactions (reported by Steranti) for 16 steroids are less than 
2% except for 11-Deoxycortisol (9.0%) and 21-Deoxycortisol 
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(22.0%). On Day 1, duplicate serum samples (0.0005 ml in 0. 1 
ml PGB) and solvent blanks (0.1 ml PGB) were extracted by 
adding | ml ethanol (James Burroughs, AR grade) and vor- 
texing 10 seconds. Tubes were centrifuged 10 minutes at 
1,250 xg (4°C) and the supernatant decanted, evaporated to 
dryness at 45°C under air, and redissolved in 0.5 ml PGB. 
Reconstituted antiserum (0.1 ml of 1/100) was added to sam- 
ples, standards (7.8-500 pg cortisol (Sigma) in 0.5 ml PGB), 
solvent blanks, and zero standards (0.5 ml PGB). Label (ap- 
proximately 7,000 cpm 1,2,6,7°H-Cortisol, 82 Ci/mmol 
(Amersham), in 0.1 ml PGB) was added to all tubes, which 
were then vortexed, covered, and incubated 16-20 hours at 
4°C. On Day 2, | ml of charcoal-dextran suspension (0.6% 
activated charcoal (Sigma)+0.06% Dextran T20 (Pharmacia) 
in PGB), continually mixing on ice, was quickly added (at 
Time=0) to all but Total Counts tubes. All tubes were 
rapidly vortexed, and at Time=15 minutes were centrifuged 
for 10 minutes at 1,250xg (4°C). After centrifugation, tubes 
were treated as described in the testosterone protocol 
(above). 

Serum dilution curves were parallel to the standard curve 
over a wide range of dilutions (1:10—1:100). For 19 assays the 
mean (+S.D.) antibody binding of *H-cortisol was 28 
(+3.2)%, and the solvent blank was 0.09 (+0.14) pg/tube, 
below the assigned sensitivity of the assay (90% B/B,=15 
pg/tube). Mean recovery was 90% (S.D.=3%), and was cor- 
rected for in calculating results. For 28 replicates, intra- 
assay variability was 7.2%; inter-assay variability was 3.7% 
for one serum pool (13 assays) and 7.0% for another pool (7 
assays). 

Prolactin radioimmunoassay. Prolactin was measured 
with antisera to human prolactin (Friesen’s AR-7-13, 1/5,000 
or AR-13-8, 1/10,000) that cross-react well with prolactin in 
the serum of talapoin monkeys [8]. On Day 1, 0.1 ml 
antiserum in BSA (0.2% Bovine Serum Albumin (Sigma, 
Fraction V) in 0.01 M PBS) was added to duplicate standards 
(0.0059-0.1 m IU W.H.O. IRP 75/504), serum samples 
(routinely 0.05 ml in 0.7 ml BSA), and zero standards (0.7 ml 
BSA). Tubes were vortexed, covered, and left 20-24 hours at 
room temperature. Lyophilized '*I-human prolactin, pre- 
pared by a solid-phase lactoperioxidase method (Dr. R. Ed- 
wards, Northeast Thames Immunoassay Unit), was diluted 
with special buffer (BSA+0.01 M EDTA (Sigma)+ 1/300 
normal rabbit serum (Sera-Lab) to give 10,000—-15,000 cpm 
per 0.1 ml. On day 2, 0.1 ml label was added to all tubes, 
which were vortexed, covered, and left 20-24 hours at room 
temperature. On Day 3, second antibody (Donkey Anti- 
Rabbit Serum (Wellcome), 1/30 in BSA) was added to all but 
Total Counts tubes. All tubes were vortexed, covered, and 
left for 16-24 hours at 4°C. On Day 4, 1.0 ml PBS+1% Tween 
20 (Koch-Light) at 4°C was added to all but Total Count 
tubes. Tubes with tween were centrifuged at 1,700xg (4°C) 
for 45-55 minutes, the supernatant decanted, and the preci- 
pate counted, along with Total Counts tubes. 

The prolactin standard curve was parallel to a dilution 
curve of talapoin serum in the range of serum used in the 
assay. However, these curves diverged at high (0.1 ml) and 
low (0.001 ml) serum volumes, such that the assay under- 
estimated prolactin titers at high concentrations and overes- 
timated at low concentrations. The sensitivity of this assay 
(90% B/B,) was 0.006 m IU per tube (23 assays). Mean bind- 
ing (+S.D.) was 56 (+5.2)% for 12 assays with AR-7-13 and 
61 (+5.5)% for 14 assays with AR-13-8. Intra-assay variabil- 
ity (C.V.) for 14 replicates was 4.6% and inter-assay varia- 
bility (29 assays) was 7.1%. 


Statistical Analysis 


Endocrine data are presented as means (+S.D.) and were 
tested with parametric statistics appropriate for independent 
samples [47]. Behavioural data, which are not assumed to be 
normally distributed, are presented as medians (+interquar- 
tile ranges) and were tested with non-parametric statistics for 
independent samples [69]. Although neither behavioural nor 
endocrine data from these monkeys are logically independ- 
ent, the data better fit a statistical model assuming independ- 
ence of observations than one assuming relatedness, i.e., 
consistency of unique characteristics over time (see [63,67]). 
For each variable analysed, data from all males in each group 
were compared with ANOVA. In the event of significant 
ANOVA, subgrouping of males for each variable were de- 
termined by the Scheffé test [67]. 


RESULTS 
Dominance 


Table 1 presents the data used to assign rank to males. 
Among C-Group males the dominance hierarchy was stable 
throughout this experiment. The hierarchy among B-Group 
males was stable during each treatment but changed between 
treatments, perhaps reflecting the removal of a high-ranking 
male several months before this study. 

During each treatment the direction of aggression among 
males of both groups was essentially unidirectional (from 
higher- to lower-ranking males). However, males occasion- 
ally threatened or attacked higher-ranking males in response 
to aggression received from them; threats in this context 
were ignored by higher-ranking males. Additionally, males at 
times joined aggressive coalitions initiated by females 
against higher-ranking males. Taken together, these obser- 
vations indicate that aggression directed by males to higher- 
ranking males was infrequent, was not initiated by the 
former, and was often ignored. Data in Table | clearly 
demonstrate a linear hierarchy among males of both groups 
during each treatment. 


Socio-Sexual Behaviour 


Figure | illustrates median frequencies of socio-sexual 
interactions for the males of Group C (at left) and Group B 
(at right). 

C-Group males. 
females, presentations received, H(2)=38.5, p<0.0001, in- 


When with familiar (i.e., C-Group) 


vestigations of females, H(2)=32.2, p<0.0001, and mounts 
of females, H(2)=34.6, p<0.0001, differed among C-Group 
males. Presentations were most frequently directed to the 
highest-ranking male, considerably less often to the second- 
ranking male, and very rarely to the lowest-ranking male. 
Investigation of females’ perinea, a behaviour that can be 
performed at a distance from females and does not require 
female cooperation, was equally frequent in first- and 
second-ranking males, U=93, p>0.1, but was less frequent 
in the lowest-ranking male, U=1, p<0.002. The distribution 
of mounts among males was also rank-related: the highest- 
ranking male regularly mounted females, the second-ranking 
male infrequently mounted, and the lowest-ranking male 
never mounted familiar females. During this period, no 
C-Group male ejaculated with females. 

Although the frequencies of some behaviours changed 
when males had access to unfamiliar (B-Group) females, the 
distribution of behaviour among males did not change. Each 
C-Group male received more presentations from B-Group 
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TABLE | 


DETERMINATION OF MALE RANK BY THE DIRECTION OF AGGRESSION 
(ATTACKS AND THREATS) AMONG MALES 





Attacks (Threats) Given 


with B-Group Females 


with C-Group Females 





C-Group Males 
S D 


Received 8 (6) — 
26 (37) 239 (98) 
B-Group Males 
Jf Sh 


21 (24) — 
22 (36) 14 (29) 


Received 


S 
23 (10) (20) 


— 21 (27) 174 (135) 


Sh 
Sh — (2) 
Jf 1 (39) — 
FO 29 (15) 1209 (375) 





For males of Group C (above) and Group B (below) matrices indicate total attacks and threats among 
males during two four-week periods: When males were with estrogen-treated females of Group B (left) 
or of Group C (right). Details uf observation are given in the text. Note change in the hierarchy of 


B-Group males. 


females than from C-Group females, S: U=13, p<0.002; D: 
U=3, p<0.002; I: U=52, p<0.02. The lowest-ranking male 
(I) rarely engaged in other socio-sexual interactions, and 
never ejaculated with females; frequencies of his socio- 
sexual behaviours did not change across social conditions, 
U>95, p>0.1. The second-ranking male (D) mounted 
B-Group females more often than C-Group females, U=42, 
p<0.002, but failed to ejaculate with any female. However, 
the highest-ranking male (S) not only received more presen- 
tations from unfamiliar females, but also investigated, 
U=24, p<0.002, and mounted, U=70, p<0.05, them more 
frequently than familiar females. Moreover, this male reg- 
ularly copulated with unfamiliar females (Fig. 1). 

B-Group males. When B-Group males were with familiar 
(B-Group) females Jf was the highest-ranking male (Table 1). 
Although socio-sexual behaviour of males did not reflect the 
dominance hierarchy at this time, the behaviour of females 
clearly indicated their preference among males: Jf received 
many more presentations from females than did either Sh or 
FO, H(2)=33.2, p<0.0001; U=0, p<0.002. During this period 
all males frequently investigated females, but only Jf and FO 
regularly mounted and ejaculated with females; Jf mounted, 
U=29, p<0.002, but did not ejaculate, U=96, p>0.1, more 
often than FO. 

When with unfamiliar (C-Group) females Sh was the 
highest-ranking male (Table 1). At this time, frequencies of 
presentations received, H(2)=34.4, p<0.0001, investiga- 
tions, H(2)=40.0, p<0.0001, and mounts, H(2)=40.0, 
p<0.0001, differed among males, being high for the highest- 
ranking male (Sh) and considerably lower for the other two 
males. As with C-Group males, no B-Group male copulated 
with C-Group females. 


Aggressive Behaviour 


Figure 2 presents median frequencies of aggressive in- 
teractions with females for males of Group C (at left) and 
Group B (at right). 


C-Group males. For C-Group males the pattern of ag- 
gressive interactions was similar with both familiar, and with 
unfamiliar, females. The highest-ranking male occasionally 
attacked females, but was frequently attacked by females of 
both groups. This male persistently threatened females, but 
was seldom threatened. Displaces involving this male were 
infrequent. Although the second-ranking male participated 
less often in attacking and threatening females, the pattern of 
his aggression was similar to that of the highest-ranking 
male: he threatened females, was attacked by females, and 
was occasionally displaced (by unfamiliar females). The 
lowest-ranking male directed no aggression to females, but 
was attacked, threatened, and displaced by both familiar and 
unfamiliar females. 

B-Group males. When with familiar females, the highest- 
ranking male of B-Group (Jf) frequently attacked, 
threatened, and displaced females, but received little ag- 
gression in return. Neither Sh nor FO directed aggression to 
familiar females, but both received aggression from these 
females. In contrast, when males interacted with unfamiliar 
(C-Group) females, the highest-ranking male (Sh) both gave 
and received little aggression. Like the highest-ranking of 
Group C, Sh threatened C-Group females more often than he 
attacked them, U=60, p<0.02. The second-ranking male (Jf) 
exchanged threats with unfamiliar females and received fre- 
quent, unreciprocated, attacks from them. The lowest- 
ranking male in Group B (FO) received considerable aggres- 
sion from unfamiliar females, but directed no aggression 
towards females. 


Hormone Levels 


Figure 3 shows mean values of plasma testosterone 
(above), cortisol (in center), and prolactin (below) for all 
males. For each ANOVA there were 2/21 degrees of free- 
dom, and for each t-test 14 degrees of freedom. 

C-Group males. (S,D,I.) During each treatment there 
were differences in testosterone levels among C-Group 
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Socio-sexual interactions of males with familiar and unfamiliar females. 
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FIG. 1. Socio-sexual interactions of all C-Group males (at left) and all B-Group males (at right) when 
with familiar females (clear bars) and when with unfamiliar females (shaded bars). n=number of 
100-minute observations; *p<0.05, **p<0.005 by Mann-Whitney U Test (2 tailed). Note scales on 
ordinate for different behaviours. S.D.I. are group C males, Sh, Jf and FO are group B males. 


males (2 ANOVA’s: F>4.45, p<0.05). When with familiar 
females, levels of testosterone were similar in first and 
second-ranking males (Scheffé, p=0.34), but lower in the 
third male (2 comparisons: Scheffé, p<0.05). When with un- 
familiar females, the highest-ranking male had higher levels 
of testosterone than the other males (for both: Scheffé, 
p=0.05): testosterone levels in lower-ranking males were 
similar (Scheffé, p =1.0). Comparing androgen levels across 
social conditions, in the highest-ranking male of Group C 
titers were high throughout this experiment and did not 


change between conditions, t=0.745, p>0.2; in the second- 
ranking male testosterone levels were higher when with 
familiar, than with unfamiliar, females, t=2.927, p<0.05; and 
in the lowest-ranking male, the !ow levels of testosterone did 
not change, ¢=0.083, p>0.2. 

There were no differences in cortisol levels among males 
of Group C in either social condition (Familiar: F=0.05, 
p>0.2; Unfamiliar: F=2.91, p=0.08). Across conditions, 
cortisol titers were unchanged in both first- and second- 
ranking males, S: t=0.191, p>0.2; D: r=1.822, p=0.09, but 
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Aggressive interactions between males of each group with familiar 
and unfamiliar females. 
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FIG. 2. Aggressive interactions of all C-Group males (at left) and all B-Group males (at 
right) with familiar females (clear bars) and with unfamiliar females (shaded bars). Bars 
above the horizontal axis represent aggression given by males to females, and those 
below the axis aggression received by males from females. At=Attack, Th=Threat, and 
Di=Displace. 





BEHAVIOUR AND HORMONES IN MALE TALAPOINS 


Endocrine levels in group C and B males when all males with 
familiar or unfamiliar females. 
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FIG. 3. Mean levels of testosterone (above), cortisol (in centre) and prolactin (below) for all males of 
both social groups when with familiar females (clear bars) and when with unfamiliar females (shaded 
bars). Each bar represents B serum samples taken over a 4-week period. *p<0.05, **p<0.005 by 
unpaired f-test (2 tailed). 
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the lowest-ranking male had higher levels of cortisol when 
with familiar (C Group) females, t=2.424, p<0.05. 

In both treatments prolactin levels differed among 
C-Group males (2 ANOVA’s: F>3.85, p<0.05). When with 
familiar females, the second-ranking male (D) had higher 
levels of prolactin than the lowest-ranking male (Scheffe, 
p=0.05); there were no other differences in prolactin titers 
among C-Group males at this time. When these males in- 
teracted with unfamiliar females, levels of prolactin were 
similar in first- and second-ranking males (Scheffé, p =0.54), 
and lower in the third-ranking than in the second-ranking 
male (Scheffé, p<0.02). The first- and second-ranking males 
of Group C had higher levels of prolactin in the presence of 
unfamiliar females, S: t=4.165, p<0.001; D: 1=3.617, 
p<0.005, but the lowest-ranking male showed no change 
across social conditions, t=1.795, p=0.09. 

B-Group males. (Sh, Jf, FO) Although the dominance 
hierarchy among B-Group males changed between exposure 
to familiar and unfamiliar females, testosterone levels in both 
periods were graded across males (2 ANOVA’s: F>10.6, 
p<0.001). When with familiar females, levels of testosterone 
did not differ between Jf and Sh (Scheffé, p =0.21), but both 
of these males had higher testosterone levels than did FO 
(Scheffé: Jf, p=0.001; Sh, p<0.05). When with unfamiliar 
females, testosterone titers corresponded to the altered 
dominance order: Sh>Jf>FO0 (for each comparison: Scheffé, 
p<0.05). As in Group C, levels of testosterone in the 
lowest-ranking male of Group B (FO) were both low and 
stable across social conditions. However, across social 
conditions testosterone levels for Sh (which rose in rank) 
increased, t =4.501, »><0.001, whereas those for Jf (which fell 
in rank) decreased, t=2.423, p<0.05. 

Cortisol titers differed among males of Group B during 
both social conditions (2 ANOVA’s: F>12.8, p<0.001). 
When with familiar females, second-ranking Sh had higher 
cortisol levels than either Jf or FO (2 comparisons: Scheffé, 
p<0.005), whose levels were similar (Scheffé, p =0.98). In 
contrast, when with unfamiliar females, second-ranking Jf 
had lower levels of cortisol than either Sh or FO (2 compari- 
sons: Scheffé, p<0.001), whose levels did not differ 
(Scheffé, p=0.61). As in Group C, only the lowest-ranking 
male of Group B showed a change in cortisol levels across 
conditions; in both groups the lowest-ranking male had 
higher levels of cortisol when with C-Group females, FO: 
t=4.979, p<0.0005. 

In both periods prolactin levels differed among B-Group 
males (2 ANOVA’s: F>8.31, p<0.005). Despite changes in 
rank, during both social conditions Sh had higher levels of 
prolactin than Jf and FO (4 comparisons: Scheffé, p<0.05). 
FO had higher prolactin titers than Jf when with familiar 
females (Scheffé, p=0.05), but not when with unfamiliar 
females (Scheffé, p =0.56). For these males, the only change 
in prolactin levels across social conditions was an increase 
for Jf, t=3.399, p<0.005, associated with his fall in rank. 


DISCUSSION 


In these groups of talapoin monkeys high male rank was 
associated with frequent socio-sexual interactions. This led 
to ejaculations only with the females of B-Group. No male in 
either the resident or exchanged group mounted to ejacula- 
tion with C-Group females. This failure to reach ejaculation is 
probably due to the latter females attacking males; higher 
ranking males responded with threats or infrequent attacks, 
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but lowest ranking males received unreciprocated female ag- 
gression. 

Serum testosterone titres varied according to the social 
rank of males and were unaffected by the identity of females 
present. Highest male rank was associated with high testos- 
terone and lowest rank with low serum testosterone. Conse- 
quently, when males of Group B exchanged rank, testos- 
terone levels increased in the male achieving highest rank 
(Sh) and decreased in the male forfeiting this status (Jf). 

Plasma cortisol in males was however, affected by the 
identity of females present, with the lowest ranking male of 
each group having elevated cortisol titres in the presence of 
aggressive C-Group females. Changes in prolactin did not 
parallel changes in cortisol in this short term study. 


Endocrine Correlates of Dominance 


In studies of dominance rank and endocrine state in male 
primates, most attention has been given to testosterone. 
Correlation of high male rank and high levels of testosterone 
has been reported consistently enough to suggest a relation- 
ship between the two [7,46]. However, failure to demon- 
strate such a correlation in some primate groups indicates 
that there is no universal correspondence between high rank 
and high androgen levels [20]. Rather than to ask the over- 
general question “‘Is high male rank associated with high 
testosterone levels?’’ a more instructive approach is to con- 
sider what is meant by ‘“‘dominance’’ and what stimuli may 
influence an individual’s endocrine state. 

Dominance is a concept, here operationally defined in 
terms of the direction of spontaneous aggression among 
members of a social group. This concept is most useful as an 
intervening variable describing a cluster of covarying traits 
[29]. In other words, the dominant (or highest-ranking) male 
talapoin monkey in small laboratory groups directs aggres- 
sion to other males, but receives little or none in return 
[15,36]. This male is also sexually most active [16,22] exer- 
cises freedom of movement [36], and is visually monitored 
by other animals [37]. Hence, although dominance rank is 
assigned on the basis of aggressive encounters, an animal's 
rank is useful for predicting the outcome of other social in- 
teractions. If dominance were uniformly measured and simi- 
larly expressed in all primate groups, then there might be 
more agreement concerning endocrine aspects of domi- 
nance. However, not only has dominance been variously 
defined and measured (see introductory remarks), but it is 
also variously manifested by different taxonomic and social 
groups of primates [5,54]. Therefore, the highest-ranking 
male of one group may behave very differently from that of 
another group. It is thus unlikely that these males have simi- 
lar endocrine profiles. For this reason, it is necessary to look 
beyond correlations of rank and endocrine titre and to con- 
sider what behavioural interactions may be associated with 
endocrine state. 


Sexual Behaviour and Testosterone 


Variations in the serum testosterone levels of group-living 
male primates are generally discussed in relation to changes 
in aggressive [52] or sexual [51] interactions. Previous work 
with small laboratory groups of talapoin monkeys [22 
suggested that, under these conditions, testosterone levels in 
males are more closely related to participation in socio- 
sexual interactions than to the initiation or receipt of male- 
male aggression. The present findings support this view. Al- 
though each highest-ranking male had elevated testosterone 
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levels (Fig. 3), none was the most frequent initiator of 
male-male aggression when his testosterone titer was low 
than when it was significantly higher. Moreover, levels of 
testosterone in FO were unchanged across social conditions, 
despite a marked difference in the amount of aggression he 
received (Table 1). Thus, in captive talapoin groups, the ini- 
tiation of high levels of inter-male aggression is neither nec- 
essary nor sufficient to maintain high levels of testosterone. 
However, this study indicates that elevated levels of testos- 
terone may occur in the absence of mounting to ejaculation 
since high ranking males of both groups had high testos- 
terone titres even in the presence of C-Group females. 


Cortisol, Prolactin and Behaviour 


Under diverse experimental conditions some studies have 
reported higher levels of adrenocortical activity in high- 
ranking, than in low-ranking male primates [28,45]. Other 
studies have described the reverse [11,39]. In the present 
study, although cortisol titers of several males changed 
across social conditions, there was no general association of 
cortisol levels with male rank (Fig. 3). 

Few studies of social behaviour in male primates have 
considered levels of prolactin. In rats, a variety of physiolog- 
ical conditions, including experimental trauma, result in ele- 
vated levels of both cortisol and prolactin [62]. Similarly, in 
primates, experimental trauma has been reported to increase 
levels of adrenocorticoids [9, 43, 44, 45] and prolactin [49]. 
The findings of these latter studies may suggest that elevated 
cortisol and prolactin are part of a unitary ‘‘stress’’ re- 
sponse. However, data from the present study do not sup- 
port this suggestion. 

Firstly, in males S and D, levels of prolactin increased 
with access to B-Group females (Fig. 3), at a time when these 
males interacted more frequently with females (Fig. 1). Cor- 
tisol levels of these males did not change across social con- 
ditions. Secondly, each lowest-ranking male had elevated 
cortisol titres during access to C-Group females (Fig. 3), 
perhaps reflecting higher levels of aggression received from 
these females (Fig. 2). Neither of these males showed paral- 
lel changes in prolactin. Finally, when Jf fell in rank and his 
behavioural interactions with both males (Table 1) and 
females (Figs. 1,2) changed considerably, he experienced a 
significant decrease in cortisol titer, but a significant increase 
in prolactin (Fig. 3). It is not clear what social stimuli are 
most effective in altering serum levels of cortisol and 
prolactin in group-living primates. However, rather than 
interpreting increased cortisol or prolactin levels as reflect- 
ing nonspecific ‘‘stress’’, it may be more instructive to con- 
sider the social interactions that may differentially influence 
these endocrine responses. 


Aggression and Sexual Behaviour 


Perhaps the most striking observation of this study is that 
no male mounted to ejaculation with any C-Group female 
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(Fig. 1). Since males of both social groups ejaculated reg- 
ularly with B-Group females, this disruption of reproductive 
behaviour must lie, not with males, but with C-Group 
females. C-Group females were clearly proceptive, ap- 
proaching males and directing frequent presentations to both 
familiar and unfamiliar males (Fig. 1). These males were also 
attractive (i.e., able to evoke sexual responses from males): 
all males investigated the sex skin of C-Group females, and 
four of the six males mounted these females. If judged only 
in terms of the mounts received from males, these females 
could be described as receptive: they were regularly 
mounted by males in both social groups and never refused 
the male. However, for a female to be fully receptive re- 
quires that she allow intravaginal ejaculation [4], and in C- 
Group females this was not observed, mainly because of 
aggression and the threat of aggression from other females. 

In many primate groups (e.g., [24,41]), including captive 
talapoins [14,69], mounts are not restricted to the context of 
reproductive behaviour. In the present study many male- 
female mounts occurred in contexts suggesting reunion after 
separation, or tension: these mounts did not involve male 
erection or pelvic thrusting. When males with erections did 
mount C-females and made pelvic thrusts, these males were 
frequently attacked (before achieving intromission) by one 
or more females. Much of the aggression directed by females 
to sexually active males occurred after the male approached 
or directed socio-sexual behaviour toward females. Thus, 
although estrogen-treated C-Group females were both at- 
tractive and proceptive, they directed aggression to males 
that attempted to copulate with them. As has been suggested 
elsewhere [2,36], this female-male aggression may be asso- 
ciated with impaired sexual behaviour. 

Cursory examination of Fig. 2 may suggest that males of 
both groups reciprocated female aggression. However, all 
males were attacked by females; when males returned this 
aggression, it was more often by threatening than by attack- 
ing. The only exception to this observation is Jf, who at- 
tacked (and copulated with) B-Group females. Thus, for a 
primate species in which females have the potential to domi- 
nant males (see Introduction), female aggression to males 
may constitute a potent influence on social structure. 

Previous work on the group-living talapoins [8,35] 
demonstrated that high-ranking females may suppress both 
the socio-sexual behaviour and the reproductive physiology 
of lower-ranking females. Moreover, by preferentially direct- 
ing sexual presentations to the highest-ranking male [22,36] 
females may influence the distribution of socio-sexual be- 
haviour among males. The disruption of copulation associ- 
ated with C-Group females further suggests that the be- 
haviour of these females can influence, not only the distribu- 
tion of sexual behaviour among males and other females, but 
even the occurrence of copulation itself. This potential for 
behavioural control of males by females is unusual in Pri- 
mates, an Order in which male dominance over females 
habitually prevails. 
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SLOB, A. K. AND P. VAN DER SCHOOT. Testosterone induced mounting behavior in adult female rats born 
in litters of different female to male ratios. PHYSIOL. BEHAV. 28(6) 1007-1010, 1982.—Female rats can show mounting 
behavior towards isosexual or heterosexual conspecifics. The present experiments were designed to study whether the 
prenatal presence of male fetuses would affect display of this mounting behavior in adulthood. Therefore mounting 
behavior, after gonadectomy and during continuous treatment with testosterone propionate (TP) was studied in female rats 
which were born in litters without male siblings (‘‘all female’’ litters) and in litters with a variable number of male siblings. 
Litter composition at birth did not affect display of adult mounting behavior during protracted tests (a total of 6 tests during 
8 weeks of treatment with TP). The data indicate that TP induced mounting behavior in adulthood occurs independent of 
the prenatal presence of male fetuses. If mounting behavior in adulthood has to be ‘‘organized’’ by prenatally present 
androgen (the current way of thinking), then the present data indicate that female rat fetuses provide themselves with these 
hormones. It would then seem inappropriate to judge adult mounting behavior as a sign of ‘‘masculinization’’ of the rat 


brain. 
Mounting behavior Litter composition at birth 


ADULT female rats have been reported to display mounting 
and intromission behavior without receiving exogenous 
hormones perinatally or in adulthood (e.g., [2, 3, 20, 27]). 
Such observations were initially interpreted as suggesting 
that neural mechanisms regulating ‘“‘masculine’’ sexual be- 
havior develop in the absence of either pre- or postnatal 
androgenic stimulation (see review in [1]). However, other 
evidence suggested that female rats were normally exposed 
prenatally to a certain amount of androgenic stimulation, and 
that this exposure may partially masculinize all females of 
this species (see also [14]). The first investigators to suggest 
an endogenous prenatal androgenic modification of the 
nervous system (‘‘masculinization’’) of female rats were 
Ward and Renz [28]. Their finding that prenatal exposure to 
cyproterone acetate (a synthetic anti-androgen) ‘‘decreased 
markedly the amount and quality of male behavior below 
that of control females suggests that the low level of male 
behavior typically elicited in normal females by adult 
androgen treatment (Gerall & Ward, 1966; Ward & Sperr, 
1969) results, at least in part, from prenatal stimulation by 
endogenous androgen” ({28], p. 354). They speculated that 
this androgen was of adrenal origin. 

Another line of supportive evidence for this (endogenous) 
hypothesis of prenatal androgen masculinization of female 
rats came from the work of Clemens and collaborators. They 
were the first to suggest a prenatal morphological and behav- 
ioral ‘‘masculinization’’ of female fetuses through exposure 
to androgen from the testes of male fetuses [ 7, 8, 9]. These 


Female rats 


investigators reported that female fetuses next to male 
fetuses in one uterine horn had a larger ano-genital distance 
at birth and displayed more mounting behavior in response 
to administration of testosterone in adult life than did female 
fetuses that had not been in such close proximity to fetal 
male rats. Also in mice it was reported that the positions of 
the female fetuses in the uterus relative to the male fetuses 
determined the extent to which the female mouse was 
masculinized in terms of morphology (ano-genital distance at 
birth) and behavior (testosterone-induced fighting in adult- 
hood) [10], as well as reproductively important charac- 
teristics during adulthood [23, 24, 25, 26]. Clemens and co- 
workers [9] as well as Vom Saal and co-workers [23] 
suggested that fetal male androgens reach the female fetus by 
way of direct diffusion across the amniotic membranes late 
in gestation. 

For this latter hypothesis, however, Slob, Ooms and Vree- 
burg [18] were not able to find supportive evidence. They 
found equivalent endogenous serum levels of testosterone in 
female rat fetuses on Day 20 of gestation, regardless of the in 
utero (one uterine horn) ratio of male to female fetuses. 

If the prenatal presence and/or proximity of male fetuses 
affects adult reproductive behavior in female rats, then clear 
behavioral differences should be apparent between females 
stemming from all female litters and females born in litters 
with an abundant number of male siblings. The present ex- 
periment was designed to test this hypothesis. 
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TABLE | 


NUMBER OF FEMALES IN EACH OF THE 4 EXPERIMENTAL CONDITIONS AS WELL AS THE 
NUMBER OF LITTERS AND LITTERSIZE AT BIRTH 





Number of 
Females 
Used in 

Experiment 


Littersize at Birth 
Mean Median Range 


Number of 
Litters 


Litter Composition 
**Sex Ratio” 





2229 4.6 1-9 23 
(all female) 
222d 6.6 
(predominantly female) 
ie) 6.0 


(fifty-fifty) 


6.8 


(predominantly male) 





METHOD 


During November and December 1980 all litters born in a 
large breeding colony (Wistar, Amsterdam-R strain; De- 
partment of Anatomy, Faculty of Medicine, Erasmus Uni- 
versity, Rotterdam) were checked immediately after deliv- 
ery. Four ‘‘types’’ of litters were assigned to this experi- 
ment: (1) all female litters (n=5); (2) one male and 4 to 8 
females (n=5); (3) equal number of female and male siblings 
(n=8); (4) one female and 3 to 8 males (n=4). 

Initially the animals were kept at 22-23°C and exposed to 
14 hr light:10 hr darkness/day (lights on 05.00-19.00 hr). The 
animals grew up with their mothers in the litter composition 
at birth, were weaned at 22 days of age and then housed 3 or 
4 of same sex to a cage. From litter-types 1 and 4 all females 
were used, from litter-types 2 and 3 one or two females were 
randomly selected from each litter at weaning and subse- 
quently used in the experiment (see Table 1). The animals 
were allowed free access to pellet food and tap water. At the 
age of about 2 months all animals were transferred to an 
other animal quarter and exposed to a reversed 14 hr light:10 
hr darkness/day (lights on 21.30—7.30 hr). 

Beginning at the age of about 2'/2 months all females were 
daily tested (in the middle of the dark period) for the occur- 
rence of earwiggling, hopping and darting (proceptivity, [5]) 
by introducing a sexually active male in the cage for a few 
minutes. This procedure was continued for 40 days and re- 
vealed information about the occurrence of behavioral es- 
trus. Between the ages of approximately 3'/2 to + months all 
females were first tested for mounting behavior during be- 
havioral estrus (15 min with an _ estrogen/progesterone 
primed ovariectomized stimulus female), and then for 
proceptive and receptive behaviors during the next behav- 
ioral estrus (15 min with a testosterone injected sexually 
active castrated male). These tests were carried out between 
10.30 and 12.30 hr, during the dark period. 

Within one week following the last behavioral test at es- 
trus, all females were operated under ether anesthesia and 
both ovaries were removed through bilateral incisions. From 
then on all females were injected SC with testosterone 
propionate (TP; 0.2 mg TP on Monday and Wednesday, 0.3 
mg on Friday, to inject the equivalent of 0.1 mg TP/day). The 
females were tested for mounting and intromission behavior 
by bringing them together in a semi-circular arena with an 


estrogen/progesterone primed ovariectomized stimulus 
female (15 min/test). The first period of testing was 1-3 
weeks after the onset of TP injections. The second period of 
testing was 7-8 weeks after the onset of TP treatment. Be- 
haviors that were scored by two observers included: mount, 
mount with pelvic thrusting, intromission, abortive mount. 
For the analysis of the data only mounts with pelvic thrusts 
and intromittive mounts are considered and will be referred 
to as mounting behavior. 


RESULTS 


Behavioral estrus occurred very regularly, predominantly 
at 4-day intervals, and no differences between females of the 
four experimental groups were found. Mounting behavior 
during behavioral estrus, when tested with a stimulus 
female, was displayed at very low frequencies with no differ- 
ences between the females. Proceptive and receptive behav- 
iors, when tested with an active male during behavioral es- 
trus, were displayed at very high frequencies with lordosis 
quotients of 100. Again, no differences between the females 
of the four experimental groups were noted. 

For the initial behavior tests during TP treatment the data 
are not presented, because a considerable number of animals 
in each group did not yet show mounting behavior (50, 19 
and 20%, respectively during Ist, 2nd and 3rd test). Never- 
theless, there was an overall increase in mounting behavior 
of those animals displaying the behavior: 7.5, 14.6, and 18.1 
mean frequencies for Ist, 2nd and 3rd test, respectively. Dur- 
ing the 3rd test there were no significant differences in per- 
centage of animals and mean (+SEM) mount frequencies 
between the females stemming from ‘‘all female’’ (82%; 
21.6+1.9), from ‘‘predominantly female’’ (88%; 22.0+5.6), 
and from ‘‘predominately male’’ litters (75%; 17.8+6.7). 
Only the females from ‘‘fifty-fifty’’ litters showed signifi- 
cantly lower mount frequencies than all other groups 
(3.8+1.8), l-way ANOVA, F(3/40)=3.45, p<0.05, although 
the percentage of animals showing the behavior (62%) was 
not significantly different. 

The results of the last three behavior tests (4, 5 and 6) 
during the 7th and 8th week of TP injections, are shown in 
Fig. 1. During tests 4, 5 and 6, respectively 98, 93 and 100% 
of the females displayed mounting behavior (only some 
““fifty-fifty’’ females did not mount). Two-way ANOVA 
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FIG. 1. Frequency of TP-induced mounting behavior (mounts with 
or without accompanying ‘“‘intromission’’ behavior towards hor- 
monally primed estrous female rats) of female rats during 15 min 
tests: effect of litter composition at birth. There were no consistent 
significant differences in mounting behavior of female rats from ‘‘all 
female litters’’ and those from litters with predominantly male sibl- 
ings. 


(split-plot p.q. design, [15]) revealed a significant effect for 
groups, F(3/40)=4.67, p<0.05, as well as for groups x tests 
interaction, F(6/80)=10.12, p<0.01. Subsequent analysis of 
this interaction (simple main effects method, [15]) showed 
significant F-values during test 4, F(3/120)=3.09, p<0.05, 
and test 5, F(3/120)=17.27, p<0.01. Further analysis indi- 
cated that during the 4th test only the ‘‘fifty-fifty’’ females 
differed significantly from all other females. During the Sth 
test ‘predominantly male’’ females and ‘‘fifty-fifty’’ females 
were significantly different, higher and lower, respectively, 
from all other females. 


DISCUSSION 


The present experiment clearly demonstrates that the 
prenatal presence of male fetuses is not a prerequisite for 
TP-induced mounting behavior in adult female rats. These 
data corroborate recent findings by van de Poll et a/. [22]. 
The present data are not in line with the results reported by 
Clemens and co-workers [7-9]. There is no easy explanation 
for this discrepancy. However, it might be of importance 
that in the experiments of Clemens the procedure was quite 
different from ours, and that their animals might have been 
exposed to considerable prenatal and postnatal stress. First 
of all ‘“‘between Day 10 and 13 of gestation one horn of the 
uterus was removed. . .’’, and secondly “‘cesarian sections 
were performed 21 days after mating. . .”’ ({9], p. 41). Fur- 
thermore, the possible problems with cesarian sections be- 
came apparent through the following statement: ‘‘In the 
present experiment (Experiment 3; [9]), animals were not 
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delivered by cesarian section and this alleviated their sus- 
ceptibility to respiratory infection”’ ({9], p. 45) might indicate 
a substantial morbidity among the experimental females. 

Recently, some support for the hypothesis that fetal 
female rats are masculinized by male littermates was pub- 
lished by Meisel and Ward [16]. These authors found that 
TP-induced mounting behavior in adult female rats was re- 
lated only to the presence of males on the caudal side of the 
females in the same uterine horn. However, if the experi- 
mental females (delivered by cesarian section) were grouped 
according to fetal male contiguity, as Clemens and co- 
workers did [7,9], no significant effects for mounting were 
found. The Meisel and Ward [16] experiment differed from 
the present investigation in that the percentage of females 
displaying mounting behavior (about 55%) was rather low. 
This difference might be explained by the method of TP ad- 
ministration and subsequent behavioral testing: 0.25 mg 
TP/day for 14 days. In the present investigation the equiv- 
alent of 0.1 mg TP/day was injected for 8 weeks, which re- 
sulted in virtually all of the females displaying mounting be- 
havior. 

The results of the present investigation are in line with the 
idea that female rat fetuses are normally exposed to endoge- 
nous androgens (see also [19,30]). The origin of the relatively 
high levels of testosterone in female fetal plasma could very 
well be the placenta rather than male fetal siblings (e.g., 
[12,21]). Jn vitro studies have shown that the placenta is 
capable of converting pregnenolone and progesterone to an- 
drostenedione and testosterone [6,17]. Recent findings of 
high levels of androsterone (a metabolite of testosterone and 
androstenedione) in placentae of female rat fetuses (Day 20 
of gestation) further support this idea (J. T. M. Vreeburg, 
personal communication). 

The hypothesis that female rats produce androgens at the 
end of their prenatal life, which could affect CNS develop- 
ment, is consistent with the present findings. However, the 
consistency as such is no proof that androgens are required 
for development of CNS systems involved in the display of 
mounting behavior in adulthood. Such statement would re- 
quire the analysis of behavior in animals in which prenatal 
androgen production and/or exposure is diminished or inhib- 
ited. Present work addresses the latter question. 

The general picture which emerges from this study is, that 
female rats show mounting behavior in adulthood independ- 
ent of litter composition at birth. There was only one group 
out of 4 (‘‘predominantly male’’) that showed increased 
numbers of mounts in only one out of 3 tests. Thus in one 
test situation out of 12 would the results appear to support 
Clemens’ hypothesis. As can be expected when several 
groups of rats are tested on a number of occasions, every 
once in a while an individual testresult may differ from the 
general picture. The consistent finding of large numbers of 
mounts in most of the tests with females from ‘‘all female”’ 
litters provides in fact the best evidence that the presence of 
males cannot be a large contribution to the development of 
CNS systems involved in adult mounting behavior. 

Finally, it seems inappropriate to talk about prenatal 
‘**masculinization’’ since organization of the nervous system 
of female rat fetuses through endogenous androgens seems 
to be a naturally occurring phenomenon. The finding that 
normal female mammals of many species will mount female 
and male partners (including pelvic thrusting and sometimes 
intromission and ‘‘orgasm’’ behavior) [3, 4, 13] indicate that 
this so-called ‘‘masculine’’ behavior is an intrinsic female 
behavioral characteristic. 
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ECCLES, R. Autonomic innervation of the vomeronasal organ of the cat. PHYSIOL BEHAV. 28(6) 1011-1015, 1982.— 
Electrical stimulation of sympathetic fibres to the vomeronasal organ of the cat caused a suction of fluid into the lumen of 
the organ. A resting secretion was observed from the organ, and electrical stimulation of parasympathetic fibres caused 
secretion to drip from the vomeronasal duct. A model of a possible vasomotor pumping mechanism is discussed and the 
pathways taken by the autonomic fibres to the organ are described. 


Cat vomeronasal organ Autonomic innervation 


Stimulus access to vomeronasal organ 





THE vomeronasal organ or Jacobson’s organ is an accessory 
olfactory organ present in most terrestrial vertebrates and 
there is much evidence based on behavioural and anatomical 
studies which indicates that the vomeronasal organ has an 
important role in sexual behaviour and reproduction [10,13]. 
A major problem concerning the physiology of the vom- 
eronasal organ is the determination of how substances gain 
access to the olfactory receptor epithelium sequestered 
within the organ. In the cat, the vomeronasal organ consists 
of a pair of tubular structures lying on either side of the nasal 
septum above the vomer bone. The organ is closed 
posteriorly and opens anteriorly by means of a fine duct 
(30-40 um diameter) into the nasopalatine canal [12]. The 
nasopalatine canal, sometimes referred to as Stensen’s 
canal, connects the nasal cavity with the oral cavity through 
the incisival foramen. The position of the vomeronasal organ 
in the cat is illustrated in Fig. 1. Because of the very small 
size of the vomeronasal duct, airborne and dissolved sub- 
stances would only enter the vomeronasal organ very slowly 
by diffusion and clearance from the organ would similarly be 
very slow. This problem of stimulus access has led some 
authors to conclude that the function of the vomeronasal 
organ is directed to the retention of odours, ‘‘giving an after 
smell’’ [12]. The vomeronasal organ may be involved in the 
detection of pheromones in urine as many male mammals 
respond to female urine by approach, sniffing, licking and 
the Flehmen response in which the mouth is opened by lift- 
ing the upper lip, with the nostrils closed [11]. The Flehmen 
response is generally believed to cause suction of fluid borne 
substances into the vomeronasal organ [9,13]. Several au- 
thors have suggested that there might be some vasomotor 
mechanism for presenting the chemical stimulus to the re- 
ceptor epithelium and that the vascular tissue around the 
vomeronasal organ may play a role in this mechanism [8, 10, 
12]. There is some evidence in the hamster for a vasomotor 
pumping mechanism which sucks fluid into the vomeronasal 
organ, but the autonomic control of this mechanism is at 
present poorly understood [10]. In the present study experi- 


Vomeronasal secretion 


ments on the anaesthetized cat have demonstrated a vas- 
omotor pumping mechanism regulated by the sympathetic 
innervation of the vomeronasal organ and also shown that 
clear serous secretion may be elicited from the organ on 
parasympathetic stimulation. 


METHOD 


Cats of either sex weighing between 0.8-2 kg were anaes- 
thetized with sodium pentobarbitone (40 mg/kg IP and sub- 
sequently IV as required). Drugs were administered through 
a cannula inserted into the cephalic vein. The trachea was 
cannulated and the animals were allowed to breathe spon- 
taneously. The cats were placed supine and the jaws were 
fixed open. An incision was made in the mid line between the 
nasopalatine ducts extending from the incisor teeth 
posteriorly for about 1 cm. The sides of the incision were 
clamped back with arterial forceps and blunt dissection was 
used to expose the vomer bone and both vomeronasal ducts. 
An incision was made into the vomeronasal duct and the tip 
of a fine plastic cannula (0.55 mm diameter, 3-4 cm length) 
was carefully inserted 2-3 mm into the cut end of the duct 
towards the organ. The tip of the cannula was drawn out to a 
fine point to facilitate cannulation of the duct. Care was 
taken not to insert the pointed cannula too far into the organ, 
otherwise bleeding occurred. 

The cervical sympathetic nerve was exposed by an inci- 
sion in the neck and the cut peripheral end of the nerve was 
mounted on bipolar silver electrodes. In some experiments 
the Vidian nerve and sphenopalatine ganglion were exposed 
by displacement of the eye as previously described by Eccles 
and Wilson [6] and the cut peripheral end of the nerve was 
mounted on bipolar silver electrodes. 


Histology 
After sacrificing the animal the head was fixed in 10% 


formal saline and whole sections of the nasal cavity were cut 
and observed under a X10 binocular microscope. Some 
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FIG. 1. Diagrammatic drawing of cat skull to show position of vomeronasal organ. 


specimens of the vomeronasal organ were decalcified and 
Stained sections mounted using standard histological tech- 
niques. 


Drugs 


Carbachol chloride (BDH Chemicals Ltd), atropine sul- 
phate (Antigen Ltd.), adrenaline (Antigen Ltd.), nicotine 
(BDH Chemicals Ltd.) were used in the experiments. All the 
drugs were dissolved in 0.9% NaCl solution. 


RESULTS 
Secretion from the Vomeronasal Organ 


In two cats the vomeronasal duct was cannulated and 
over a period of 3 hr the cannula slowly filled with a clear 
serous secretion. On insertion of the cannula into the duct 
the animal usually made some head movements. The move- 
ment was not due to light anaesthesia as the cat did not 
withdraw the hind limb on squeezing the paw. In three cats 
intravenous administration of carbachol (2.5 wg/kg) caused a 
clear serous secretion to fill the cannula and then drip from 
the end of the cannula. Similarly electrical stimulation of the 
cut peripheral end of the Vidian nerve caused secretion of a 
clear serous fluid (stimulation parameters; supramaximal 
voltage, frequency 5-20 Hz, pulse duration 2 msec, train 
duration 3 min). On Vidian nerve stimulation, secretion oc- 
curred after approximately 45 sec after the start of stimula- 


tion and continued for 1-2 min after the stimulus was 
switched off. In three cats the secretion obtained on Vidian 
nerve stimulation was collected by holding pre-weighed 
pieces of filter paper against the end of the cannula. 
Maximum secretion occurred at frequencies of stimulation 
between 10-20 Hz and the maximal secretory rates observed 
were between 1-2 mg/3 min period of stimulation. In two 
cats administration of atropine (150 ug/kg IV) completely 
abolished the secretion induced on Vidian nerve stimulation. 
Similarly, secretion induced by Vidian nerve stimulation was 
abolished after painting the sphenopalatine ganglion with a 
2% nicotine solution. After nicotine blockade of the 
sphenopalatine ganglion Vidian nerve stimulation caused a 
suction of secretion into the vomeronasal organ. 


Vasomotor Responses from the Vomeronasal Organ 


In this series of experiments the cannula was filled for two 
thirds of its length with 0.9% saline solution before insertion 
into the vomeronasal duct. Electrical stimulation of the cut 
peripheral end of the cervical sympathetic nerve caused a 
rapid movement of saline down the cannula into the vom- 
eronasal organ (stimulation parameters; supramaximal volt- 
age, frequency 0.5—20 Hz for 10 sec periods, pulse duration | 
msec). Upon sympathetic nerve stimulation suction of fluid 
in the cannula occurred within 1-2 sec and after cessation of 
the stimulation the fluid level slowly rose back up the can- 
nula to its resting level over a period of 1-2 min. The move- 
ments of fluid in the cannula were clearly visible to the naked 
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FIG. 2. Frequency response curve obtained on electrical stimulation 
of the cut peripheral end of the cervical sympathetic nerve. The 
suction of fluid into the vomeronasal organ is plotted as movement 
of fluid in the cannula in mm. (Stimulation parameters; supramaxi- 
mal voltage, 10 sec periods of stimulation, pulse duration | msec). 


eye but in order to facilitate measurements a strip of graph 
paper was placed behind the cannula and a x10 hand lens 
was used to measure movement of fluid in mm. Figure 2 
illustrates a typical frequency response curve obtained on 
sympathetic stimulation. Responses could be obtained with 
individual stimuli and the maximal response occurred at fre- 
quencies of stimulation between 4-16 Hz. In two cats the 
suction of fluid induced on stimulation of the cervical sympa- 
thetic nerve was abolished after section of the Vidian nerve. 

In ten cats administration of adrenaline (1 yug/kg IV) 
caused suction of fluid into the vomeronasal organ. In two 
cats suction of fluid into the organ was caused by rapidly 
drawing air through the nasal cavity by means of a tube 
attached to the head end of the cut trachea. This procedure 
mimicked a sniffing action in the cat. 


CARTILAGE OF 
NASAL SEPTUM 





DISCUSSION 

The results demonstrate that under the present experi- 
mental conditions there is a continuous clear serous secre- 
tion from the vomeronasal organ. This secretion may be 
caused by a reflex initiated by the cannulation and subse- 
quent irritation of the vomeronasal duct or it may represent a 
normal resting secretion from the organ. It is interesting to 
note that quite often on cannulation of the vomeronasal duct 
the cat showed some signs of irritation as slight head move- 
ments were often observed just as the cannula entered the 
duct. The head movements occurred despite deep anaesthe- 
sia and absence of a withdrawal reflex from the hindlimb. 
Secretory glands have been previously described around the 
vomeronasal organ with ducts entering the medial and ven- 
tral walls of the canal, and in the present histological study 
glandular tissue was similarly observed around the lumen of 
the organ. Broman reported that the vomeronasal organ 
never contains air but only glandular secretion, and that a 
liquid secretion could be seen constantly streaming from the 
organ [3]. 

The results demonstrate that a clear serous secretion 
could be elicited by either Vidian nerve stimulation or the 
administration of carbachol. Therefore the resting secretion 
observed in the absence of nerve or drug stimulation may be 
caused by a continuous parasympathetic tone. 

The secretion obtained on Vidian nerve stimulation was 
abolished after painting the sphenopalatine ganglion with 
nicotine and this demonstrates that the parasympathetic 
fibres of the organ relay in this ganglion. The Vidian nerve 
has been previously shown to be a mixed nerve conveying 
both sympathetic and parasympathetic fibres to the nasal 
mucosa of the cat [6] and the results of the present study 
show that the autonomic innervation of the vomeronasal 
organ has a similar pathway. Electrical stimulation of the 
Vidian nerve caused secretion from the vomeronasal organ 
and the stimulus also probably activated sympathetic fibres, 
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FIG. 3. Diagram of section through the vomeronasal organ to illustrate the position of the 
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FIG. 4. Model of vasomotor mechanism in vomeronasal organ. Left side, swelling of 
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but the secretory response always dominated and suction 
was not observed. However the sympathetic response was 
revealed after blockade of the parasympathetic pathway with 
nicotine and Vidian nerve stimulation then caused suction of 
fluid into the organ. 

The secretion induced on Vidian nerve stimulation was 
abolished after the administration of atropine indicating that 
the glandular tissue is regulated via muscarinic cholinergic 
receptors. The dose of atropine used was relatively small and 
could be used in behavioural studies on the unanaesthetised 
cat as a means of blocking the normal secretion from the 
organ. 

The secretion from the vomeronasal organ may act as a 
sampling medium for air born odorants and as a cleansing 
medium which continually flushes out the lumen of the or- 
gan. Without some sort of cleansing secretion, substances 
which gained access to the lumen of the organ would remain 
in contact with the receptor epithelium indefinitely. 

A continuous resting secretion from the vomeronasal 
organ would cause droplets of fluid to form at the opening of 
the vomeronasal duct in the nasopalatine canal and this fluid 
would be drawn into the organ by suction on activation of the 
sympathetic fibres. The cartilage of the vomeronasal organ 
was clearly visible in histological sections and may play an 
important role in the pumping mechanism. The cartilage 
partly encircles the lumen of the organ as shown in Fig. 3 
with an area of erectile tissue on the lateral open aspect of 
the cartilaginous tube. Nasal erectile tissue has a dense ad- 
renergic innervation [1] and sympathetic stimulation has 
been shown to cause a nasal vasoconstriction [2]. Therefore 
the venous erectile tissue around the organ would be ex- 
pected to constrict on sympathetic stimulation. Any collapse 
of the lumen of the vomeronasal organ on constriction of the 


surrounding erectile tissue would be prevented by the 
encircling cartilage and the tension created in the surround- 
ing tissue may cause an expansion of the lumen as shown in 
Fig. 4. A similar mechanism has been described in the vom- 
eronasal organ of certain chiroptera (bats) with vas- 
oconstriction of erectile tissue causing filling of the organ, 
although the anatomy of the organ differs considerably from 
that of the cat [9]. Sympathetic nerve stimulation or the in- 
travenous administration of adrenaline always caused a suc- 
tion of fluid into the vomeronasal organ and expulsion of 
fluid was never observed even though arterial blood pressure 
was usually elevated by these procedures. The results indi- 
cate that the sympathetic innervation of the vomeronasal 
organ regulates a vasomotor pumping mechanism. The 
pumping mechanism may be activated regularly to periodi- 
cally sample fluid in the nasopalatine duct. Oscillations in 
sympathetic tone related to the respiratory rhythm have 
been demonstrated in the nasal mucosa of the anaesthetized 
cat and the vomeronasal organ may also be influenced by 
these oscillations in sympathetic tone [4,5]. One could also 
speculate that the pumping mechanism could be activated by 
reflex changes in sympathetic tone in response to olfactory 
or visual stimuli, e.g., the sight or smell of another cat. The 
sniffing which accompanies the Flehmen response in the cat 
could also cause suction of fluid into the vomeronasal organ 
as in the present study changes in nasal air flow which 
mimicked sniffing caused a suction response in the organ. 
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SABEL, B. A. AND D. G. STEIN. Intracerebral injections of isotonic saline prevent behavioral deficits from brain 
damage. PHYSIOL. BEHAV. 28(6) 1017-1023, 1982.—Isotonic saline has been widely used as a ‘‘vehicle’’ (placebo) in 
pharmacological studies. However, a review of the literature and our own findings demonstrate that physiologic, isotonic 
saline may, under certain conditions, have both behavioral as well as physiological effects when applied to the central 
nervous system. Evidence is presented that intracerebral injections of 10 yl isotonic saline prevent behavioral deficits from 
bilateral caudate nucleus damage in adult rats, and reduce neuronal death and reactive gliosis in areas adjacent to the lesion 
site. The assumption that isotonic saline is a ‘‘neutral’’ substance with no effects on morphology and behavior may have to 


be reconsidered. 


Isotonic saline Brain lesions Sparing of function 


Placebo 


ISOTONIC saline is widely used as a control substance 
(placebo) in pharmacological studies, where it often serves 
as a vehicle for other chemical compounds that are to be 
injected into the organism. When it is used as a vehicle for 
drug administration, it is assumed that the isotonic saline has 
no effects on the chemistry, physiology or behavior of the 
experimental subject. 

This assumption is called into question by our recent ob- 
servation made during the course of our experiments on 
recovery from brain damage. In performing a study on the 
behavioral effects of intracranial renin injections, we noted 
that isotonic saline had ameliorative effects on some of the 
learning deficits that are associated with caudate nucleus 
damage. 

Our subsequent review of the literature revealed numer- 
ous, but rarely cited, findings that isotonic saline has physio- 
logical as well as behavioral effects when injected either 
intraperitoneally, intravenously, or when applied directly to 
the central nervous system (intracranial, intrathecal, intracis- 
ternal). Some of the physiological effects that have been re- 
ported are appearance of reactive leucocytes and pressure 
changes in the cerebrospinal fluid after intracisternal or in- 
travenous injection in dogs [1-3,36]; opening of the blood- 
brain barrier after intracarotid injection [25]; marked dilata- 
tion of the pial blood vessels upon contact with the brain 
surface [6]; and a variety of histochemical changes after in- 
jection into the corpus callosum and the neocortex [26]. 

With respect to behavior, IP injections of isotonic saline 





Caudate nucleus 


Discrimination learning maze 


have been shown to have effects on maze performance 
[9,32], locomotor activity [5, 14, 22, 28, 29], emotionality 
[9,13] and drug susceptibility [15]. Furthermore, saline pro- 
longs the duration of hexabarbital narcosis when injected IP 
into mice [27], and it can act as a weak local anesthetic when 
injected intrathecally into humans [35]. 

Applied to the central nervous system, Flexner and Flex- 
ner [7] found ‘‘surprisingly . . . that (intracerebral) injection 
of saline, for at least two months after treatment with puro- 
mycin can restore memory’”’ (p. 1651) in mice, and Kobiler 
and Allweis [19] reported effects of saline on retrograde am- 
nesia when injected intracisternally. 

In the light of this literature and our own preliminary 
findings, we undertook a systematic experiment to verify 
possible behavioral and morphological effects of intracere- 
bral injections of isotonic saline. 


METHOD 
Animals 


Thirty male albino rats (Sprague-Dawley, 320-420 g, 
90-95 days old) were housed individually in standard rack 
mounted cages and were maintained on a 12:12 hr light-dark 
cycle with food and water available ad lib. Animals were 
randomly assigned to one of the three surgical groups: group 
C received sham operations in which burr holes were made 
on each side of the skull and the underlying dura exposed 
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(n=10), group L received bilateral lesions of the caudate 
nucleus and insertion of the microsyringe needle (n=10), and 
group S received, in addition to the caudate nucleus lesions, 
bilateral injections of 10 ul of unbuffered, isotonic saline 
(n=10). The rats were handled for one week prior to the 
operation. 


Surgery 

All surgery was conducted under general anesthesia 
(Nembutal, 50 mg/kg, IP) with atropine sulfate (Lilly, 0.1 cc, 
IP) administered to prevent respiratory complications. In 20 
animals, bilateral electrothermic lesions of the caudate nu- 
cleus were made using a radio-frequency lesion generator 
(Radionics RFG-4) in conjunction with a calibrated thermistor 
electrode (Radionics, tip diameter 0.7 mm, tip length 1.5 
mm). The electrode was placed 1.5 mm anterior to bregma, 
3.0 mm lateral to the midline suture, and 5 mm below dura; 
lesions were made by slowly raising the temperature of the 
electrode tip to 57.5°C and maintaining this temperature for 
30 sec; 0.9% Sodium Chloride Irrigation Solution (McGaw 
Laboratories, Irvine, CA, sterile, nonpyrogenic, free of ar- 
senic iron and heavy metals, USP purification test) was 
placed 1.5 mm posterior to the lesions. Injections were de- 
livered at room temperature at a rate of 1.0 l/min through a 
30 gauge needle fixed to a 10 «I Hamilton syringe. 


Behavioral Testing 


Following surgery, the group identity of the rats was 
coded to avoid experimenter bias. After a nine day post- 
operative recovery period, the rats were given 10 trials in 
a 2-choice discrimination-learning maze similar to the one 
described by McGaugh and Thompson [21]. This modified 
Grice box contained a guillotine door which was used to 
separate the start box and the center area. The goal area was 
divided longitudinally into left and right compartments. The 
floor of the start box and the center area was wired with 
brass grids spaced 1.5 cm apart. A 24 volt lamp and a 
‘*‘Sonalert’’ tone generator were suspended about 8 cm 
above the center of the apparatus. On the first day of testing 
(day 9) both sides of the goal area were insulated from shock 
with removable fiberboards; the side to which each animal 
escaped or avoided was considered its preferred side. 

Beginning on day 10, the animals received 10 trials every 
day, starting with their non-preferred side being the correct 
choice. A trial was begun by placing an animal in the start 
box. Five seconds later the guillotine door was raised, acti- 
vating the discriminative cues (light and tone) for five sec. At 
the termination of the cues, a 0.2 mA footshock was deliv- 
ered through a scrambler into the grid floor for 10 sec. If the 
animals escaped or avoided the shock successfully, they 
were permitted to remain for 20 sec in the safe compartment 
(goal area). Each trial was scored as to the animals’ response 
to shock (escape or avoidance), response latency and per- 
severative errors (response to the wrong side following 
reversal of the goal side). Testing continued until the rats 
avoided or escaped shock correctly on every trial for two 
consecutive days (criterion). 

Thereafter, they were trained to the opposite side of the 
goal area using the same criterion. In this manner, animals 
underwent a continuous series of spatial habit reversals for 
15 days of testing. Five animals of group C and five animals 
of group S were randomly chosen and handled again 2-3 
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times weekly until both groups were retested for another 15 
days, starting 60 days after surgery. 


Histology 


When behavioral testing was completed, the animals were 
perfused intracardially with 0.9% saline followed by 10% buf- 
fered Formalin in 0.9% saline. The brains were then cut at 25 
um on a freezing microtome and sections were stained with 
cresyl-echt violet. 

To measure lesion size, the perimeter of the lesion extent 
was traced using an overhead microprojector and the lesion 
volume was measured by means of a Graphics tablet®-menu 
on an ‘‘Apple II Plus’’ computer. 


RESULTS 


Behavior was evaluated with regard to the following five 
variables: spatial reversal performance, number of refusals 
to respond to footshock, number of days to criterion, num- 
ber of error-free days, and number of avoidances. 

Spatial reversal performance was measured by counting 
each animal's perseverative responses (on the first day of 
reversal). These counts were pooled over the 15 day testing 
period and each animal’s perseveration score was divided by 
the number of spatial reversals undergone within 15 days. 
Animals that did not undergo any reversals (one animal in 
group C and one animal in group S) were excluded from this 
analysis. Since most of the subjects of the lesion group (L) 
had to be excluded, a perseveration score could not be 
evaluated for this group. Group C and group S were not 
significantly different with respect to perseverative behavior 
as revealed by a one-way analysis of variance (ANOVA), 
F<1.0, p=ns. 

The number of refusals to respond to footshock (when 
animals neither escaped nor avoided the footshock) was 
pooled over the 15 day testing period. A one-way ANOVA 
revealed a significant difference among groups, F(2,27)= 
6.79, p<0.004. Orthogonal comparisons for this and all other 
analyses were based on the hypothesis that group C and 
group S were not significantly different, whereas both groups 
could be statistically distinguished from group L. A subse- 
quent trend analysis revealed a significant F,,,q-value of 
13.62 (p<0.0001). Group S (M,=4.2) and group C (M;-= 
4.34) showed fewer refusals to respond compared to group L 
(M, =8.8) (a priori comparison, S: 1=4.57, p<0.001; C: r= 
4.46, p<0.001, two-tailed) [16]. In fact, animals with lesions 
(group L) not only failed to leave the grid before or during 
shock, but they also showed a stereotyped ‘‘freezing’’ be- 
havior in the startbox (Fig. 1A). 

An analysis of the number of days to reach criterion for 
the first time revealed significant differences among groups, 
one-way ANOVA, F(2,27)=5.39, p<0.01. The orthogonal 
comparison confirmed our hypothesis, F=7.81, p<0.002. 
Again, group S (M,=10.4) and group C (M,=7.3) needed 
fewer days to reach criterion than group L (M,=13.2) 
(a priori comparison, S: t=2.2, p<0.05; C: 1=4.64, p<0.001, 
two-tailed). 

The better spatial-learning performance of groups C and S 
compared to group L were demonstrated additionally by 
means of a one-way ANOVA, F(2,27)=3.87, p<0.03, which 
showed that group L had fewer error-free days (orthogonal 
comparison, Fy 2q=6.91, »<0.004) compared to both other 
groups. A priori comparison revealed that group L (M, =0.8) 
differed significantly from group S (M,=2.8) and group C 
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FIG. 1. Mean number of refusals to respond to footshock 10-24 days 
after surgery (A), and mean number of avoidance responses 10-24 
days after surgery (B). 


(M,=3.8) (S: 1=2.58, p<0.02; C: t=3.86, p<0.002, two- 
tailed). 

The three groups could not be distinguished statistically 
with respect to their avoidance scores; that is, the total num- 
ber of avoidances within 15 days of testing (Kruskall-Wallis, 
one-way ANOVA corrected for ties, H-statistic = 4.39, 
p<0.11). However, a trend was apparent with animals of 
group L demonstrating less avoidance (M, =2.19) than group 
C (M.-=11.73) or group S (M,=9.11) (Fig. 1B). 

The analysis of the retest scores revealed that group C 
and group S showed a trend toward improvement of avoid- 
ance behavior and a reduction in the number of refusals with 
repeated testing (two-way ANOVA, avoidance: F(1,8)= 
4.75, p<0.06; refusals: F(1.8)=3.24, p<0.11 on the factor 
test-retest) 60-74 days after surgery. Thus group S did not 
“*grow’’ into a deficit. 

Our histological findings can be summarized as follows: 
Groups L and S were not significantly different with respect 
to their lesion size (one-way ANOVA, F<1.0, p=ns). Counts 
of neurons and glia cells (astrocytes) were taken from cau- 
date areas medial and immediately adjacent to the lesion and 
a ratio of neuron to glia (N/G) was calculated for each animal 
of groups L and S. Briefly, there were significantly more neu- 
rons in animals that received isotonic saline injections as well 
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as a trend toward fewer glial cells. Consequently, the neuron 
to glia ratio is significantly higher in group S (neuronal count: 
M,=30.7, M,=19.9; one-way ANOVA, F(1,16)=4.35, p<0.05; 
glia count: M,=31.2, M, =43.9, one-way ANOVA, F(1,16)= 
3.66, p<0.07; neuron to glia ratio: M;=1.04, M, =0.52, one- 
way ANOVA, F(1,16)=5.67, p><0.03). Figure 3 shows some 
representative photomicrographs ( x 325) taken in the area of 
the lesion in rats with and without saline ‘‘treatment.’’ The 
slides were selected using the landmark structures shown in 
the low power photomicrograph (Fig. 2). The slides were 
adjusted so that the left leading edge of an eyepiece reticule 
was adjacent to the medial border of the lesion. The upper 
right corner of the reticule was adjusted so that it rested at 
the point where the ventricle and the ventral surface of the 
corpus callosum met. 

In the intact neuron, the nucleus is well-defined and there 
is rarely any peripheral chromotolysis. 

Figure 3A shows the cells in the caudate of a rat with 
lesion followed by saline treatment. The neurons are more 
sparse, but those that are present appear to be healthy and 
there are only a few nuclei of astrocytes present in the field. 
In contrast, Fig. 3B shows the area adjacent to damage in a 
rat with no saline treatment after the lesion. Here, the neu- 
rons are swollen and show the broken membranes and 
peripheral chromotolysis that is characteristic of dead or 
dying neurons. Note also the presence of numerous dark- 
staining, astrocytic nuclei. 


DISCUSSION 


Our data can be taken to indicate that a single, intracere- 
bral injection of 10 yl isotonic saline given at the time of 
surgery, has ameliorative effects on some of the behavioral 
deficits that result from caudate nucleus damage. Usually, as 
a consequence of such damage there is an increase in per- 
severative behavior [4, 11, 17, 20, 30], an impairment in 
learning spatial reversals [20], and a deficit in active 
avoidance learning [10, 18, 23, 34]. Furthermore, our own 
observations reveal that animals with caudate nucleus le- 
sions also avoid or escape footshock significantly less than 
do their sham counterparts. 

The impairments that are typical of caudate damage could 
not be observed in rats that received injections of isotonic 
saline immediately after injury to the caudate nucleus (group 
S). The saline-treated animals were statistically indistin- 
guishable from sham operates (group C) on a variety of be- 
havioral measures such as the number of refusals to respond 
to footshock, the number of days to reach criterion, and the 
number of days when animals performed without mistake. In 
contrast, rats with lesions and no saline injections showed 
long-lasting deficits on these measures. 

Although there was a trend, no significant differences 
among the groups were found with respect to footshock 
avoidance. The lack of significance on this measure could be 
explained by the fact that in group C and group S, a substan- 
tial number of animals (about half) did not avoid at all. Since 
avoidance behavior seemed to be too difficult to perform for 
a number of animals, it might be worthwhile to use a simpler 
behavioral task in future studies. 

With respect to perseverative behavior, group S per- 
formed as well as unoperated rats although a deficit could be 
expected in animals with bilateral caudate lesions. 

In summary, there is evidence that injections of isotonic 
saline prevent behavioral deficits that result from brain dam- 
age. A retest at approximately 2 months after surgery, re- 
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FIG. 2. Photomicrograph taken of a brain section from an animal with bilateral damage to 
the caudate nucleus that survived 5 days (Part A) or 3 months (Part B) after surgery. 


vealed that saline-treated animals retain what they had 
learned. In fact, the saline-treated rats show a trend toward 
improvement with respect to active avoidance and total 
number of refusals. Our morphological analyses demon- 
strated that saline can significantly inhibit neuronal death 
and reactive gliosis, both of which also result from brain 
damage. At the present time, we are unable to determine 
whether neuronal sparing or substitution of function in re- 
maining tissue adjacent to damage accounts for our observa- 
tions that saline injections facilitate behavioral recovery. 
However, alterations in reactive gliosis may be implicated 
but we really do not know what the specific recovery mech- 
anisms are or how they are initiated by saline treatments 
{12,33}. 


Although puzzling, our findings are ia accord with other 
reports demonstrating a variety of saline effects. To the best 
of our knowledge, only two studies present data concerning 
recovery of function following the application of (hypertonic 
or isotonic) saline solutions. For example, although he was 
not discussing recovery of function, Setschenow [31] 
demonstrated as early as 1863 that, after transection of the 
frog’s spinal cord from the brain, the expected increase in 
reflex action could be successfully depressed by applying 
(hypertonic) saline or wet NaCl-crystals on the cut 
(Setschenow mentioned that this chemical stimulation with 
saline was surprisingly satisfactory so that no attempts were 
made to investigate other chemicals). Setschenow thought 
that stimulation of spared neuronal tissue by the saline might 
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FIG. 3. Representative photomicrographs taken of the caudate nucleus in rats. (A) shows an area of the caudate in a rat with caudate 
lesions followed by saline injections into the damaged area. (B) is taken from the same area in a rat given lesions of the caudate but no 
injections of saline following the injury. Both x325. 
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be responsible for the observed effects. His findings receive 
some additional support by a recent report that humans re- 
ceiving saline injection into the spinal cord tend to have relief 
of pain [8] which is believed to be ‘‘due to reflex muscle 
relaxation produced by stimulation of the reflex arc” 
(p. 500). 

About 14 years ago, a study by Flexner and Flexner [7] 
revealed that expression of memory of maze learning in 
mice, lost after treatment with puromycin, could be restored 
by intracerebral injections of isotonic as well as isomolar 
saline. An explanation offered by these authors was that 
some puromycin-induced ‘‘abnormal peptide(s) in combina- 
tion with some element of the membrane is in such confor- 
mation that it is protected against dissociation from the 
membrane and that treatment with saline results in a con- 
formational change through which this protection is lost’ 
(p. 1654). Thus, membrane properties might be related to 
behavioral effects of saline at least in conjunction with 
puromycin-induced deficits. 

There are other factors that might contribute to physiolog- 
ical and behavioral effects of isotonic saline injections. The 
chloride ion and temperature [5, 14, 22, 28, 29], biochemical 
[6,15] and osmotic properties, pressure changes of the cere- 
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brospinal fluid [19], cerebral hydration and blood supply 
[19,25] and brain RNA and ATP concentration [24] might all 
be potential candidates that prove to be responsible for the 
observed effects of isotonic saline injections. Unless proper 
measures are taken, caution should be used in the indiscrim- 
inate use of isotonic saline as a vehicle. In case saline effects 
are indeed observed, other vehicles such as Ringer’s solution 
or cerebrospinal fluid might prove useful to avoid methodo- 
logical artifacts. 

In summary, the implications of our findings are twofold: 
(1) 0.9% isotonic saline might be a simple, useful and effec- 
tive means to treat behavioral deficits that result from brain 
damage, and (2) more important from an experimental per- 
spective, the widely accepted assumption that isotonic saline 
is a “‘neutral’’ substance with no effects on morphology and 
behavior may have to be reconsidered. 
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TUCKER, A. R. ANDT. P. S. OEI. Protein synthesis inhibition and amnesia for saccharin aversion memory in rats after 
intra-cisternal administration of cycloheximide. PHYSIOL BEHAV. 28(6) 1025-1028, 1982.—The series of experiments 
reported further investigated the time course relationship of the amnesia for saccharin aversion memory in rats and the 
inhibition of protein synthesis resulting from cycloheximide (CXM). The first experiment showed that intraventricular 
CXM injected rats which had been trained 7 hrs after injection had learned the contingency under a considerable inhibition 
of protein synthesis. However, | hr after CXM injection protein synthesis inhibition was 86% and yet there was no amnesia 
observed 24 hr after training. It was also apparent that there were no marked regional differences in the extent of protein 
synthesis inhibition after intraventricular CXM. Finally, intracisternal injection of CXM 1 hr before training resulted in 
amnesia 24 hrs after training although this effect was greater when the injection was performed 7 hr before training. The 
findings (1) are consistent with Day et a/’s [4] suggestion of maximal protein synthesis inhibition at 1 hr post CXM injection 
with an approximately linear decline thereafter, and (2) provide no support for the involvement of the brain stem nucleus 


solitarius in taste aversion learning. 
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IN a previous paper [13] it was reported that cycloheximide 
(CXM) injected into rat’s cerebral ventricles in the period 
5-9 hrs prior to training in a saccharin (taste) aversion task 
resulted in amnesia for that experience when the rats were 
tested 24 hrs after training. This finding has been confirmed 
and extended in other work in which it has been shown that 
intraventricular CXM injection 7 hrs before training 
produces amnesia which begins to appear | to 2 hrs after 
training [14] and last for at least 42 days, as assessed under 
conditions of repeated testing [12]. In order to evaluate the 
mechanism responsible for these findings, a knowledge of 
the time course of inhibition of protein synthesis after 
intracerebral administration of CXM to rats is necessary. 
Barondes and Cohen [1] had reported that, in mice, 
intracerebral CXM produced maximal inhibition of cerebral 
protein synthesis 5 to 8 hrs after CXM administration. More 
recently, Day and coworkers [4] reported that intraventricu- 
lar CXM in rats produced maximal inhibition of protein syn- 
thesis one hour after injection with an approximatley linear 
decline thereafter. The dose of XCM employed in this study 
(400 ug) was identical to that which we found produced am- 
nesia for taste aversion [13]. Since conventionally the mech- 


anism presumed to be responsible for antibiotic-induced am- 
nesia relies upon an approximate correspondence between 
the time course of the inhibition of protein synthesis around 
the time of training and the time course of the amnesia these 
data cast some doubt upon the inference that protein syn- 
thesis inhibition was responsible for the amnesia. 

In view of the role of the time course of protein synthesis 
inhibition after intracerebral CXM in the earlier series of 
experiments, the effect of the amnesic dose of CXM on rat 
brain protein synthesis under comparable conditions to those 
of the memory experiment was investigated. In addition the 
issue of the relationship between site of injection of CXM, 
spread of antibiotic and areas required for memory was in- 
vestigated by intracisternal administration of CXM. 


EXPERIMENT 1: INHIBITION OF WHOLE BRAIN 
PROTEIN SYNTHESIS AFTER INTRAVENTRICULAR 
CXM INJECTION 


The aim of this experiment was to determine the extent of 
inhibition of protein synthesis in whole rat brains over a 
range of times. The times selected were those injection- 
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training intervals for which CXM had been found to be inef- 
fective, effective and ineffective in producing amnesia, that 
is 1, 7 and 17 hr, respectively [13]. 


METHOD 

Subjects 

Seventeen male and twelve female experimentally naive 
hooded rats, aged about 55 days were used. They were bred 
in the Department of Psychology, La Trobe University and 
were housed and maintained under similar conditions to rats 
used in the previous reported behavioral experiments [15], 
except that these rats were not water deprived. Sixteen rats 
(10 male, 6 female) were injected intraventicularly with 
CXM whilst the remainder (6 males, 7 females) were simi- 
larly injected with an equal volume of the NaCl vehicle. 


Procedure 


The rats were decapitated at either 1 hr (4 CXM, 4 NaCl), 
7 hr. (8 CXM, 6 NaCl) or 17 hr (4 CXM, 3 NaCl) after 
intraventricular injection. The intraventricular injection 
technique has been described in detail elsewhere [13]. In 
brief, the rat was anaesthetised with ether and placed on a 
small animal rack. After incising the scalp a small hole was 
bored through the cranial bone over the left lateral ventricle. 
Thirty microlitres of solution was then expelled into the ven- 
tricle using a Hamilton dispenser and a 500 ul syringe fitted 
with a stopped 26 ga needle. The hole was plugged with 
sterile bone wax and the wound sutured with skin clips. 

Rats in CXM groups were given 400 ug of the drug in a 
volume of 30 ul of 0.15 M NaCl, and rats in NaCl groups 
received 30 ul of 0.15 M NaCl. Forty five minutes prior to 
decapitation each rat was given an intraperitoneal injection 
of 5 «Ci (0.1 ml) of *C leucine. Unanaesthetised rats were 
decapitated, their brains removed quickly, weighed and 
placed in a test tube on ice. Each brain was then 
homogenised in 20 ml of ice cold distilled water. Two 
aliquots of 250 ul of brain homogenate were each added to | 
ml of Nuclear Chicago Solubilizer (NCS) in order to dissolve 
the tissue for counting. From these two aliquots the amount 
of radioactivity in total homogenate was determined. Two 
further aliquots of homogenate (1.0 and 0.5 ml) were re- 
moved and each was placed in 8 ml of 10% (w/v) ice cold 
Trichloroacetic acid (TCA) containing cold 10 mM leucine. 
These solutions were allowed to stand on ice for 30 min and 
then spun in a centrifuge at 3500 rpm for 20 min. The super- 
natants were removed and the pellets washed with 10% TCA 
containing cold 10 mM leucine. These were again spun at 
3500 rpm for 20 min and the supernatants removed. Four 
milliliters of 2 M NaOH containing cold 10 mM leucine was 
added to each pellet and these were dissolved by heating at 
37°C, with occasional vortexing, for an hour. Five ml of 10% 
TCA in HCl was added to reprecipitate the protein and the 
samples were heated for 15 min at 80°C to destroy amino acyl 
t-RNA. After centrifuging at 3500 rpm for 30 min the super- 
natants were removed and the pellets were washed 3 times 
with 10% TCA containing cold 10 mM leucine. The pellet 
resulting from the | ml aliquot of homogenate was dissolved 
in NCS tissue solubilizer for counting whilst the pellet result- 
ing from the 0.5 ml of aliquot of homogenate was dissolved in 
1 ml of 1 M NaOH by heating at 50°C and the amount of 
protein present was determined by the method of Lowry et 
al. [9]. The number of counts per min obtained for both the 
total homogenate and the protein pellet were converted to 
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FIG. 1. a. Inhibition of incorporation of C leucine into protein 
measured as relative specific activity, as a function of time of CXKM 
injection. b. Radioactivity of the 'C leucine pool at the time of 
decapitation as a function of time elapsed since intraventricular in- 
jection of CXM. Medians and ranges plotted. 


disintegrations per minute (dpm). The relative specific activ- 
ity (RSA) of *C leucine was calculated as the ratio of dpm in 
the TCA precipitate to dpm in the ‘‘pool’’; where pool dpm 
= total homogenate dpm — protein in dpm. 


RESULTS AND DISCUSSION 


Figure la shows the amount of inhibition of protein syn- 
thesis, as a function of time elapsed from intraventricular 
injection of CXM and NaCl. A two-tailed Mann-Whitney test 
showed that the inhibition of protein synthesis was signifi- 
cant one hour after CXM (p=0.029) and 7 hr (p=0.002) but 
not at 17 hr (p=0.057). 

The findings show that CXM injected rats which had been 
trained 7 hr after injection had learned the contingency under 
a considerable inhibition of protein synthesis. When protein 
synthesis inhibition is calculated as 1-RSAcxy/RSAwac;) X 
100, as advocated by Dunn [5] the inhibition at 7 hr was 71%. 
However | hr after CXM injection protein synthesis inhibi- 
tion was 86% and yet there was no amnesia at 24 hr for rats 
trained 1 hr after CXM injection [13]. 

An examination of the amount of radioactivity (dpm) in 
the pool as a function of time after intraventricular injection 
(see Fig. 1b) revealed that CXM treatment was associated 
with a large increase in pool radioactivity which was signifi- 
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cant at | hr (p=0.029) and 7 hr (p=0.001) but not at 17 hr 
(p=0.059). The trend apparent in Fig. 1b for the pool 
radioactivity to be greatest at 7 hr is noteworthy. 

It is conceivable that protein synthesis in some brain re- 
gions may be much more critical to the establishment of 
memories than protein synthesis in other brain areas. Whole 
brain assay is a gross approach which could give misleading 
data on the time course of inhibition of protein synthesis 
because of the inclusion of brain regions not involved in 
memory but whose protein synthetic systems were inhibited. 
An experiment, addressed to the issue of regional differences 
in protein synthesis inhibition, was conducted in an identical 
manner to that just described. 

In this experiment the rats’ brains were divided into 3 
regions, anterior (olfactory bulbs and cortex), middle (all 
subcortical structures anterior to pons), and posterior (cere- 
bellum, pons and medulla), and protein synthesis was as- 
sayed | and 7 hr after intraventricular CXM or NaCl injec- 
tion in separate groups of rats. There were no marked differ- 
ences in the extent of incorporation of “C leucine into 
protein, nor in the elevation of pool radioactivity (dpm) for 
CXM groups, as a function of brain region assayed. There- 
fore the data were combined and treated as a repeat of the 
whole brain assay. Protein synthesis inhibition, averaged 
across regions | and 7 hr after CXM injection, was 84% and 
76%, respectively. Also the elevation of pool dpm associated 
with CXM was consistently greater at 7 hr than | hr after 
intraventricular injection. Overall these data are highly com- 
parable to those obtained in the whole brain assay. 


EXPERIMENT 2: EFFECT OF INTRACISTERNAL 
INJECTION OF CXM ON SACCHARIN AVERSION 
MEMORY 


In Experiment | and previous experiments [12,13] CXM 
was administered via the lateral ventricle. The time taken for 
the drug to reach the set of neurons crucial to the storage of 
long-term memory (LTM) for saccharin aversion is not 
known. Nor is the anatomical location of such a set of 
neurons known, although it has been reported that lesions in 
different brain regions have markedly differing effects upon 
taste-aversion learning, as compared with ‘‘buzz-shock’’ 
learning [6]. The observed discrepancy between the time of 
maximal amnesia and the time of maximal inhibition may 
reflect the fact that the location of the memory storage are 
not located near to the site of injection. Indeed the time 
course of whole brain protein synthesis inhibition may yield 
quite misleading information on the time course for the 
memory storage. 

Garcia and Ervin [6,7] suggest that a brainstem site (nu- 
cleus solitarius) may be crucial to the integration and storage 
of gustatory-visceral information. To that end the present 
experiment investigated the possibility that intracisternal 
(cisterna magna) injection of CXM would produce inhibition 
of memory measured at 24 hrs when injected earlier than 7 
hrs before learning, specifically 1 hr before training. 


METHOD 
Subjects 


Fifty-nine albino rats bred in the Department of Psychol- 
ogy, La Trobe University were used. Holding conditions 
were identical to the previous two experiments. 


Procedure 


The detailed behavioral procedures were similar to those 


mM 
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TIME OF INTRACISTERNAL INJEC 
TO TRAINING 
FIG. 2. Median saccharin aversion score 24 hr after training as a 
function of time of intracisternal CXM injection relative to training. 


previously described [13]. Briefly, rats were given three days 
pretraining trials. These consisted of placing the rats in the 
experimental box for 10 mins each day and training them to 
drink water from both cylinders. In the training trial (day 4) 
all rats were given a 0.1% (w/v) solution of saccharin instead 
of water in both cylinders, and immediately after the con- 
sumption of 9 ml of saccharin, each rat was given an 
intragastric injection of 10 ml/kg of 0.15 M LiCl. Twenty-four 
hrs after the training trial, rats were returned to the experi- 
mental box and offered saccharin in one cylinder and water 
in the other for a period of 10 min. At the end of the test trial 
a saccharin aversion (SA) score was computed for each rat 
according to the formula: 
number of water licks 


SA Score _— x 100 
total number of licks 





Surgical Procedure 

Either 7 hrs, 1 hr or immediately after the training trial, 
each rat was weighed and lightly anaesthetised with ether for 
intracisternal injection. The neck and head of the rat was 
shaved above the cisterna magna. CXM dissolved in a 0.9% 
(w/v) NaCl solution was injected using a microlitre syringe 
(Scientific Glass Engineering Co.). Thirty microlitres of 
NaCl solution containing 400 ug of CXM was injected into 
the cisterna magna of each rat. The same volume of NaCl 
was similarly administered to the control rats. 


RESULTS AND DISCUSSION 


The SA score as a function of time of intracisternal injec- 
tion relative to the training trials is presented in Fig. 2. A 
one-tailed Mann-Whitney test showed that on a 24 hr test of 
saccharin aversion, rats intracisternally injected with 400 ug 
of CXM either 7 hr (p =0.001) or 1 hr (p =0.015) before train- 
ing exhibited significantly lower SA scores compared to the 
controls. Rats injected immediately after training did not dif- 
fer significantly from their NaCl injected controls on 24 hr 
test. The findings show that intracisternal administration of 
400 xg of CXM resulted in amnesia for the taste aversion at 
24 hrs and that this effect was greater when the injection was 
performed 7 hr before training. 


GENERAL DISCUSSION 


Our previous findings [12,13] of amnesia for saccharin 
aversion after intraventricular CXM have been attributed to 
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the well-documented protein synthesis inhibitory action of 
CXM [2], since the time course of this amnesia corresponded 
quite well with Barondes and Cohen’s [14] report of the time 
course of protein synthesis inhibition in mice brains after 
intracerebral injection of CXM. However the results of the 
present study are inconsistent with a time course in which 
inhibition of whole brain protein synthesis reaches a 
maximum at 5-8 hr post injection. Instead these data are 
consistent with Day and co-workers’ [4] findings of 
maximum inhibition of 1 hr post injection with an approx- 
imately linear decline thereafter and therefore demand a re- 
evaluation of the mechanism responsible for the CXM 
induced-saccharin aversion amnesia. 

One possibility is suggested by the observation (cf. Fig. 
1b) that this dose of intraventricular CXM produces a con- 
siderable increase in the amount of intra and extra-cellular 
nonincorporated C leucine in the brain (i.e., pool dpm). It is 
conceivable that an increase in nonincorporated intra- 
cellular amino acid may, by itself or in conjunction with 
reduced rate of protein synthesis, be responsible for the 
ensuing amnesia. Whilst the precise sequence of events 
which could cause amnesia is not clear, work with the non- 
metabolizable amino-acid and d-aminoisobutyrate (AIB) 
supports the possibility of an amnesic role for amino acid 
inbalance. In this work [11] it was found that AIB inhibited 
the formation of long-term memory (LTM) but not short- 
term memory in chicks trained on an aversive task. While 
AIB competitively blocks classes of amino acid transport [3], 
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and may exert its amnesic action by inhibiting transport of 
amino acids into cells [8] the CXM stimulated increase in 
leucine (and other amino acids) may overload the amino acid 
transport system sufficiently to produce amnesia in rats al- 
ready experiencing considerable inhibition of incorporation 
of amino acids into protein. This proposed mechanism is 
seen as being more consistent with the view of protein syn- 
thesis as a mediator in the biochemical process necessary for 
the LTM encoding of information [10] rather than the notion 
of a memory specific protein synthesis. Inherent in this 
theoretical position is the acknowledgement that memory 
probably involves a range of neurochemical and hormonal 
systems and that CXM affects a number of systems including 
the biogenic amines [4]. 

It was apparent that administration of CXM via the cis- 
terna magna (Experiment 2) produced a time course of am- 
nesia for saccharin aversion which did not differ from that 
found for intraventricular administration of CXM [13]. This 
finding gives no support for the involvement of the brainstem 
nucleus solitarius in taste aversion learning as suggested by 
Garcia and Ervin [6], however further work is needed on this 
issue. 
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DESMOND, J. E. AND J. W. MOORE.A brain stem region essential for the classically conditioned but not unconditioned 
nictitating membrane response. PHYSIOL. BEHAV. 28(6) 1029-1033, 1982.—Radio-frequency lesions of the right dorsolat- 
eral pons severely impaired both acquisition and retention of the ipsilateral conditioned nictitating membrane response to 
both visual and auditory conditioned stimuli. Unconditioned responses were unaffected, and conditioning of the contralat- 
eral (left) eye was not impaired. These data suggest a critical role of the dorsolateral pons in the generation of conditioned 


responding in this preparation. 


Classical conditioning Nictitating membrane response 





NEUROBIOLOGISTS concerned with mammalian learning 
and memory are often hard pressed to demonstrate that par- 
ticular regions of the brain subserve the acquisition or per- 
formance of a particular learned behavior [11]. This has been 
particularly the case with simple associative learning as 
exemplified by classical Pavlovian conditioning. In recent 
years the classically conditioned nictitating membrane re- 
sponse (NMR) of the rabbit has proven to be an attractive 
model system for neurobiological studies of learning [24]. 
Electrophysiological activity correlated with the conditioned 
response (CR) has been demonstrated by recording from 
neocortex [10], hippocampus [1], septal nuclei [2], and abdu- 
cens nucleus [5]. When the conditioned stimulus (CS) and 
unconditioned stimulus (US) are programmed in a manner 
conducive to robust conditioning [9], however, lesions of 
these [13, 21, 22, 23] and other structures (e.g., mesencepha- 
lon [3,15]) do not typically eliminate CRs. 

What has been lacking is evidence that relatively discrete 
brain damage can selectively disrupt conditioned responding 
without also interrupting sensory and motor pathways nec- 
essary for the unconditioned response (UR). Some relevant 
literature [17, 18, 20] suggests that neural elements essential 
for conditioning are located in the pons of the brain stem. 
Supporting this hypothesis, the present investigation 
demonstrates that lesions of dorsolateral pons (DLP) eradi- 
cate CRs but not URs. Preliminary reports have appeared 
elsewhere [6, 7, 19]. 


METHOD 


We classically conditioned New Zealand albino rabbits 


Dorsolateral pontine lesions 


Rabbit 


(2.5—3 kg) using standard procedures [8]. Condtioned stimuli 
(CSs) were either lights (L=two 4.5 V incandescent panel 
lights) or auditory stimuli (T=1200 Hz sinusoidal tone of 85 
dB SPL). The unconditioned stimulus (US) was electric 
shock (60 Hz AC, 2 mA, 50 msec duration) to the paraorbital 
region of the right eye. The CS-US interval was 0.5 sec (CS 
and US terminating together), and the intertrial interval (ITI) 
was 15 sec. Training always consisted of 100 trials per day; 
50 L and 50 T were presented in a random sequence, but not 
more than 2 consecutive presentations of the same stimulus 
were allowed. Conditioned responses normally occur within 
100-200 trials and rapidly increase in frequency and mag- 
nitude. Both conditioned and unconditioned responses were 
recorded by an electromechanical transducer and ink-writing 
oscillograph, (e.g., [13, 15, 22]). An upward pen deflection of 
1 mm corresponded to a 0.5 mm extension of the nictitating 
membrane, and an extension greater than or equal to this 
amount, occurring after CS onset but before US onset, was 
the criterion for a CR. Figure 1 illustrates some oscillo- 
graphic tracings of CRs and URs. For each day of training, the 
percent of CRs to L and T CSs were computed. 

Two types of experiments were employed. For the first 
type (acquisition), 7 naive rabbits under sodium pentobarbi- 
tal anesthesia (25 mg/kg) were given radio-frequency lesions 
via stereotaxic guidance to the right brain stem, using routing 
surgical procedures [22]; in addition, 5 rabbits were sham- 
operated (Shams) to serve as controls. After 2-4 days of 
recovery all rabbits received 5 days of reinforced L and T 
trials (SO L and 50 T per day), and the % CRs to L and T were 
averaged for each animal over the 5 days. 

In the second type of experiment (retention), 29 rabbits 
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TABLE | 


PERCENTAGE CRs FOR DISRUPTED, NON-DISRUPTED, AND SHAM ANIMALS IN 
ACQUISITION AND RETENTION EXPERIMENTS 





ND 





ACQ 
Post Mean 
Range 
SE 
N 
RET 
Pre Mean 97 
Range 94-100 
SE 
N 
Post Mean 


Mean 93 


Range 82-100 60-100 


SE 2 + 
N 10 10 


99-100 


74-100 


95 
92-100 
0 
1] 
93 


76-100 


3 
1] 


96 95 93 

40-100 84-100 84-100 
3 6 3 3 

10 10 7 7 





Abbreviations: D=Disrupted; ND=Non-Disrupted; S=Sham; T=Tone; L=Light; 
ACQ=Acquisition; RET=Retention; CON=Contralateral; SE=Standard Error. Tabled 
entries have been rounded off to whole percentages. 


were given 6-8 days of reinforced L and T trials prior to 
surgery, which resulted in high levels of pre-surgical con- 
ditioned responding. Six of these animals were then sham- 
operated, and the remaining 23 were given lesions to right 
brain stem. After 2-4 days of recovery, the animals received 
5 days of post-surgical testing, again with reinforced L and T 
trials (8 of the animals received only L training before and 
after surgery, and this accounts for the unequal samples for 
L and T CRs reported below). The pre-surgical scores for 
each animal were based upon the % CRs to L and T averaged 
over the last 3 days prior to surgery. Post-surgical scores for 
each animal were again based upon % CRs averaged over the 
5 days of post-surgical testing. 

After the effect of the lesion on the ipsilateral eye was 
assessed, some of the animals were given a single contra- 
lateral conditioning session (80-100 trials), in which the shock 
was switched to the left eye and CRs were recorded from 
both eyes. Finally, the URs were tested after lesioning to 
determine if any motor impairment had resulted from the 
lesion; this was accomplished by applying both electrical and 
mild tactile stimulation to the cornea and paraorbital tissue. 


RESULTS 


The results of both experiments and the contralateral 
conditioning session are summarized in Table 1. In the first 
experiment, conditioning of the 5 sham-operated animals re- 
sulted in an average of 62% CRs to L (range=32-80) and 67% 
to T (range=48-78). Of the lesioned animals, 4 were 


classified as CR-Disrupted (D) (Animals 2, 4, 8, 10), and 3 as 
Nondisrupted (ND) (Animals 13, 15, 16). (In both experi- 
ments, all D animals appeared healthy, displaying normal 
food intake, equilibrium, locomotor, and pupillary reflexes.) 
The ND animals were similar to Shams, giving 58% CRs to L 
(range =20-82) and 70% to T (range =46-85). However, the D 
animals gave 0% CRs to L and only 3% to T (range=0-8). 
Two of the D animals (4 and 10) were then allowed 5 more 
weeks of recovery, following by an additional 4-5 days of L 
and T training; these animals showed no evidence of recover- 
ing their ability to produce CRs. 

In the second experiment, 6 of the 23 lesioned animals 
were classified as D (Animals 1, 3, 5, 6, 7, 9), giving means of 
3% CRs to L (range=0-8, n=6) and 4% to T (range=0-10, 
n=4) in post-surgical testing. The remaining 17 lesioned 
animals (Animals 11, 12, 14, 17-30) were ND with 91% CRs 
to L (range =56—99, n=17) and 93% CRs to T (range =76—100, 
n=11). The 6 Sham animals gave 93% to L (range=83-98, 
n=6) and 96% CRs to T (range=92-99, n=6). In contrast to 
post-surgical scores, the pre-surgical response levels were 
quite similar for the 3 groups: D animals had 89% to L 
(range=71-97) and 97% to T (range=94-100), ND animals 
gave 93% to L (range =83-100) and 99% to T (range =99-100), 
and Shams gave 92% to L (range=81-99) and 95% to T 
(range=92-100). 

In neither experiment did D (or ND) animals show evi- 
dence of UR impairment. This is illustrated in Fig. 1 (rows a 
and b) by the upward pen deflection that occurs after the US 
onset in the column marked POST. Note that the slight 
enhancement of post-lesion URs, seen in this figure, was not 





CR-DISRUPTING LESIONS 





FIG. 1. Representative NMRs and lesions from lesion experiments. Left panel: For each tracing the onset of the CS is marked by the 
left-hand triangle, and the onset of the US is marked by the right-hand triangle. Upward deflections occurring after CS onset but before US 
onset are CRs. Those occurring after US onset are URs. PRE refers to a pre-lesioning trial. POST refers to a post-lesioning trial. a. 
Representative NMRs to L for Animal 7 in the D group. b. Representative NMRs to T for the same animal. c. Representative NMRs to L for 
Animal 17 of the ND group. d. An NMR to T for a D animal (Animal 2) lesioned prior to training. This tracing shows a rare CR on the fourth 
session of training. Calibration: 110 msec, 6 mm. Right panel: Photomicrographs (x 10) of Nissl-stained transverse sections, both taken at the 
level of the parabrachial nuclei. The top photograph is from Animal 17 (ND group). The lesion (right side) includes central gray, and portions 
of the medial longitudinal fasciculus, locus coeruleus, and mesencephalic nucleus of N. V. The bottom photograph is from Animal 7 (D 
group). The lesion includes brachium conjunctivum, parabrachial nuclei, portions of locus coeruleus, and mesencephalic nucleus of N. V 


Calibration bar=0.5 mm. 


typically observed in D or ND animals. In addition, when all 
D animals (in both experiments) were given a mild tactile 
stimulus to the cornea or surrounding regions, a full and 
robust extension of the nictitating membrane was observed. 

The left panel of Fig. 1 shows representative oscillograph 
tracings of NMRs of D and ND animals before and after 
lesioning. Rows a and b are tracings from a D animal (Animal 
7); the lesion for this animal is shown on the lower portion of 
the right panel of Fig. 1. Row c shows tracings from an ND 
animal (Animal 17); the lesion for this animal is given in the 
upper portion of the right panel. The striking propinquity 
between disruptive and non-disruptive lesions is evident 
from the two photographs, which were taken at the same 
level in the brain stem. 

Thus, a total of 10 D animals displayed a profound im- 
pairment in their ability to produce CRs from the eye ipsilat- 
eral to the lesions (right eye). However, when the shock was 
switched to the left eye and CRs were recorded from both 
eyes, all 10 of the D animals showed robust conditioning of 


the left eye (the right eye remained impaired); these animals 
gave 85% CRs to L (range=60-100) and 93% to T 
(range=81-100). A random sample of 10 ND animals were 
similarly tested and they responded at 86% to L (range=40— 
100) and 96% to T (range=74-100) and 7 Shams similarly 
tested gave 93% to L (range=84-100) and 95% to T 
(range =84~-100). 

One additional control procedure that was employed in- 
volved testing D, ND, and Sham animals at CS-US intervals 
of 0.25 and 0.75 sec (two days of reinforced L and T, 100 
trials/day, for each value). This procedure was used to test 
two possibilities: (1) Disruption was due to an alteration in 
the optimal temporal parameters needed to support condi- 
tioning, and, (2) Disruption was evident merely because the 
reaction time of the animal to produce a CR was increased as 
a result of the lesion. Four D animals (Animals 4, 8, 9, 10), 10 
ND animals (Animals 11, 13, 14, 15, 16, 20, 21, 22, 25, 27) 
and all 11 Sham animals were tested in this procedure. In 
short, ND and Sham animals were very similar and re- 
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FIG. 2. Histological reconstructions of lesions for animals in Disrupted and Nondisrupted groups. Selected transverse sections through the 
brain stem are depicted, and capital letters correspond to section levels. The distance of each section level rostral to the level of N. VI 
(measured along the neural axis) is given in parentheses. Letters with a prime symbol designate brain sections from Disrupted animals (these 
animals were numbered 1-10); letters without the prime designate Non-disrupted animals (these animals were numbered 11-30). Below are 
individual animal numbers corresponding to the brain sections (going from left to right), listed by section level: A (9.8 mm): 11, 12, 13, B (8.6 
mm): 11, 12, 13, 14; C (7.7 mm): 11, 12, 14, 15, 16; D (6.9 mm): 12, 15, 16; E (6.1 mm): 12, 15, 16; F (5.2 mm): 16; G (4.2 mm): 16, 17, 18, 19, 
20, 21, 22; H (2.8 mm): 17, 18, 19, 20, 21, 22, 23, 24, 25, 27; 1 (2.2 mm): 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 28, 29, 30; J (1.5 mm): 17, 18, 19, 
21, 23, 24, 25, 27, 29, 30; K (0.7 mm): 17, 19, 24, 25, 26, 27, 29, 30; L (0 mm): 26, 29, 30; E’: 1, 2, 3, 4; F’: 1, 2, 3, 4, 5, 6; G’: 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10; H’: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10; I’: 1, 2, 3, 5, 6, 7, 8, 9, 10; J’: 2, 5, 6, 7, 8, 10; K’: 2, 7. 


sponded at high levels, whereas all D animals tested re- 
mained disrupted (4% was the highest that any D animal 
scored for both CS-US intervals). These results, therefore, 
argue against the two possibilties discussed above. 

Figure 2 depicts histological reconstructions of D and ND 
lesions. The histology for the two experiments is pooled in 
this figure because the locus of CR-disruption appeared to be 
identical for all D animals (e.g., compare Animal 4 of exper- 
iment | with Animal 9 of experiment 2). Although, on the 
whole, the D animals appear to have a greater volume of 
tissue destruction than the ND animals, there are a sufficient 
number of D animals with small lesions to suggest that lesion 
placement, not size, was the critical variable in producing 
CR-disruption. Inspection of the figure indicates that some 
structures were destroyed in both D and ND animals, such 


as locus coeruleus, locus subcoeruleus, central gray, 
mesencephalic nucleus of N. V., the medial longitudinal 
fasciculus, and dorsal portions of nucleus reticularis pontis 
oralis. However, further inspection reveals that the follow- 
ing structures were lesioned in all D animals and spared in 
the ND animals: the supratrigeminal regions [16], parabrac- 
hial cell groups, the brachium conjunctivum, and possibly 
the uncinate tract. We suggest that these latter structures 
constitute a ‘‘critical zone,’’ situated rostral to the level of 
the accessory abducens nucleus, the nucleus containing 
motoneurons principally responsible for defensive eyeball 
retraction [4]. Furthermore, we have observed conditioned 
multiple unit activity from recording electrodes situated in 
the critical zone; the activity parallels the acquisition (and 
extinction) of conditioned NMRs [18]. 
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DISCUSSION 


To summarize, selective ipsilateral lesions of the brain 
stem, while not affecting URs, eradicated CRs to both visual 
and auditory CSs in the ipsilateral, but not contralateral eye. 
These data suggest that disruption is not a result of motor or 
sensory deficits involved in either responding to or perceiv- 
ing the relevant stimuli. Furthermore, contralateral condi- 
tioning tends to preclude attentional deficits as an explana- 
tion of the effect. It therefore seems reasonable to conclude 
that the neural information which is involved in the produc- 
tion of the conditioned NMR either originates in the DLP or 
is relayed through it (e.g., from cerebellum via brachium 
conjunctivum), and that our disruptive lesions interrupted 
this information. The latter possibility is reinforced by re- 
ports that lesions of the ipsilateral cerebellum can produce 
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the same sort of CR disruption of a previously acquired 
conditioned NMR reported here and with sparing of the UR 
and the contralateral CR [14] (see also [12]). By delineating a 
relatively small region of the rabbit brain essential for gen- 
eration of the conditioned NMR, it should be possible to 
focus future investigations of cellular mechanisms of learn- 
ing on a brain region where critical associative convergences 
occur. 
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ALVAREZ, E. O. AND F. A. GUERRA. Effects of histamine microinjections into the hippocampus on open-field 
behavior in rats. PHYSIOL. BEHAV. 28(6) 1035-1040, 1982.—Increasing evidence supports the concept that histamine 
would subserve neurotransmitter functions in the brain. In hippocampus, some cases of histamine receptors coupled to 
adenylate cyclase has been described. In our laboratory we were interested in studying the possible physiological role of 
these histamine receptors and behavior. Unilateral cannulae were stereotaxically implanted in the caudal hippocampus in 
adult male rats. Forty-eight hours later, after an acute microinjection of histamine (1 yg), 3-methyl-histamine (1 ug) or 
saline (1 yl), the following behavioral parameters were measured by an observer in an open-field: locomotor, rearing, 
sniffing, grooming, social sniffing and holding activities. It was observed that histamine inhibited locomotor and rearing 
activities; whereas, 3-methyl-histamine induced an increase in almost all behaviors. Results support the concept of a 
probable function of histamine in exploratory behavior in the rat. 


Hippocampus Histamine Open-field 


Exploratory behavior 





EVIDENCE has been accumulated supporting the idea that 
histamine (HA) may be regarded as a potential neuro- 
transmitter in the mammalian brain [28]. It has been found 
that HA is involved in several different physiological proc- 
esses, such as regulation of antidiuretic hormone [5,8], 
emesis [6], water intake [22], control of prolactin and LH 
secretion [9,23] and that it has some role in behavior [12]. In 
brain, HA, together with its specific enzyme for its synthe- 
sis, L-histidine decarboxylase is localized in synaptosomes 
[3, 30, 32] and when HA is administered in several brain 
regions, changes in the electrical excitability of neurons is 
observed [15,26]. It has been suggested that all of these ef- 
fects can be mediated by specific receptors which can be 
classified as H, or H, type [16,28]. 

Our laboratory has been interested in studying the physi- 
ological properties of HA in the central nervous sytem and 
special emphasis has been given to analyzing the relationship 
between this amine, the limbic system and animal behavior. 
When applied in the lateral hypothalamus and ventricular 
system, HA seems to exert two opposing effects: facilitation 
of some behavioral performance, such as continuous 
avoidance behavior, reinforcement wihdrawal [12], lordotic 
responses, sexual receptivity and exploratory activity [10]; 
and an inhibitory action in self-stimulation experiments in 
rats [7]. Recently, high affinity binding sites for HA have 
been found in the hippocampus [25,29] and this HA binding 
was inhibited by H, agonists or antagonists [29]. Further- 
more, the HA binding sites in the hippocampus were found 





to be associated with an adenylate cyclase system [18] and 
were inhibited by the tricyclic antidepressant drugs [14,21]. 
Based on these data it has been suggested that histamine in 
hippocampus could subserve some physiological role [21]. 

Since we were interested in evaluating this possibility 
further, the present behavioral experiments were conducted 
in order to determine the effects of histamine injected into 
the hippocampus. A preliminary account of this study was 
published elsewhere [2]. 


METHOD 


Wistar-Holtzmann albino rats, weighing 250-300 g, 120 
days old, maintained in thermoregulated (22°-24°C) and light 
controlled (lights on 05:00—-19:00 hr) conditions were used. 
Rat chow and water available ad lib. 


Implants in Hippocampus 


Animals were anesthesized with ether and unilaterally 
implanted with cannulae in caudal hippocampus, using a 
David Kopf stereotaxic apparatus and the following set of 
coordinates: 2.5 mm anterocaudal, 5 mm lateral and 7.7 mm 
vertical. Bregma was considered as the reference point. Im- 
plants cannulae were double barreled and the set was com- 
posed of an outer guide cannulae (23 gauge, 15 mm length) 
and a removable mandril (30 gauge, 15 mm length) to avoid 
occlusion. After the operation rats were caged individually. 


1Address reprint requests to Dr. E. O. Alvarez, Instituto de Fisiologia, Facultad de Medicina, Universidad Austral de Chile, Casilla 567, 


Valdivia, Chile. 
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Open-Field Sessions 


Forty-eight hours after the implantation, the mandril was 
extracted from the implant cannula and the rats were in- 
jected through a cannula (30 gauge, 15.1 mm length) with | wg of 
histamine (as a free base, Sigma) dissolved in | yl of saline 
solution or with 1 ug of 3-methyl-histamine (M-HA, Smith, 
Kline and French) in | yl saline solution or | pl of saline 
alone (NaCl 0.9%, control). The dose of HA was selected 
according to previous experience with similar microinjec- 
tions into the rat hypothalamus in some other studies [1]. 
Five minutes after the local administration all rats were 
tested in an open field cage, 120 cm square with 40 cm high 
walls (floor marked off into 144 equal squares) for two suc- 
cessive sessions of 15 minutes of duration each. In the first 
session the rats remained alone (single rats), whereas in the 
second one an intruder male rat was entered into the open- 
field cage (paired rats). Tests were performed under a 25 W 
red light suspended above and at the center of the open field. 
The following behavioral parameters were measured by an 
observer: 

(1) Locomotor activity. Number of squares traversed in 
any direction by the animal in the 15 min period. 

(2) Rearing. Number of vertical extensions of head, body 
and forelimbs either free or against the wall for two seconds 
or more in the 15 min period. 

(3) Grooming. Number of times the rat shows the behav- 
ior for two seconds or more in the 15 min period. 

(4) Sniffing. Number of times the animal sniffs a fixed 
point during at least 2 seconds in the 15 min period. 

(5) Social sniffing. Number of times the host animal 
sniffs the intruder rat for at least 2 seconds in the 15 min 
period. 

(6) Holding. Number of times the host rat holds by its 
forelimbs the intruder rat for at least 2 seconds in the 15 min 
period. 

After each animal was tested the floor of the open field 
was carefully cleaned with water. 

Once the experiments were completed, all animals were 
sacrificed by ether excess and the brains were carefully re- 
moved and stored for at least 12 hr in a 10% formaldehyde 
solution. Frontal sections (about 300 um width) were ob- 
tained and the site of implant was verified microscopically. 
Little damage at the site of injection and a shade of diffusion 
approximately spherical in shape with a diameter about 
400-800 um was noted frequently. Only animals whose im- 
plants were located in caudal hippocampus were considered. 

All experiments were performed between 14:00 hr and 
17:00 hr. 


Statistics 

Preliminary analysis of the distribution of each behavioral 
parameter indicated that variables were parametrics (Kol- 
mogorov and Smirnov’s test of goodness of fit). Two way 
analysis of variance and the f-test of multiple comparisons 
were used in order to compare each experimental group 
(saline, histamine and methyl-histamine treated rats). 
Appropriate additional tests were used for other comparisons. 
Details are in the legends of the figures. A p value of less 
than 0.05 was considered significant. 


RESULTS 


The localization of the guide cannulae in the brains of 30 
rats is shown in Fig. 1. 
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FIG. 1. Localization of implant cannulae in caudal hippocampus. 
Black dots represents the sites where implant cannulae (outer can- 
nulae) were located and consequently microinjections were per- 
formed. (A) and (B) are frontal sections separated each by about 0.4 
mm. Sections are about 2.5 mm caudal from bregma which was 
taken as the reference point. CC, corpus callosum; ENT, cortex 
entorhinalis; FD, Gyrus dentatus, dentate gyrus; FH, fissura hip- 
pocampi; FR, fissura rhinalis; HPC, cornu Ammonis, Ammon’s 
horn; LM, lemniscus medialis; S, subiculum; SN, substantia nigra, 
V; ventriculus cerebri. 


Session 1: Single Rats 


Locomotor activity. Control animals transverses 64.6+ 
11.1 squares (mean+SEM) in the first 5 min period (Fig. 
2A). Later on, a decreasing tendency in locomotor ac- 
tivity was observed, reaching a score of 17.8+5.4 squares at 
the final 15 min. HA-treated rats showed a depressed loco- 
motor activity which was statistically significant from saline 
injected animals at the first 5 min of the testing period (Fig. 
2A, p<0.05). On the contrary, M-HA treated animals 
showed a higher, locomotor activity than saline injected rats 
which was statistically significant in all the period studied 
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FIG. 2. Locomotor and rearing activity measured in the open field 
during session | in adult male rats. (—5 min) Indicates the moment 
when different animals were microinjected into the hippocampus 
with HA, M-HA or saline (SAL). Time 0 indicates when animals 
were put in the open field. O—O, saline treated rats (1 wl, n=8); 
@-—@ histamine treated rats ( lug as free base, 1.66 wg histamine 
dihydrochloride/ul, n=12) O---O , M-HA treated rats (1 wg as 
free base, 1.57 ug 3-methyl-histamine dihydrochloride/ul, n=10). 
Columns at right; open columns, saline group; dashed columns, HA 
group; double dashed columns, 3-M-HA group. *p<0.05 (compari- 
sons against saline), ***p<0.005. ****p<0.001. Total scores at right 
of the figure represent the total behavioral activity in the complete 
15 min testing period. Statistical comparisons between the three 
groups were made by | way analysis of variance and the Duncan’s 
new multiple range test. Session | indicates that rats were alone in 
the open-field. See Method section. 


(p <0.005). The difference between the three experimental 
groups was also reflected in the total scores of their activity 
in the 15 min period (Fig. 2A, columns at right). 

Rearing activity. Saline-treated rats showed a rather 
constant rearing activity (about 4 times each 5 min) during 
the testing period (Fig. 2B). HA treated animals showed a 
very low rearing activity (about | time each 5 min) during the 
testing period. This decreased activity was statistically sig- 
nificant at 5 and 10 min (p<0.05, Fig. 2B) when compared 
with the observed in saline-treated animals. M-HA treated- 
rats showed a higher rearing activity than saline group which 
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FIG. 3. Sniffing and grooming activity measured in the open-field 
during session | in adult male rats. For explanation of symbols and 
other details, see Fig. 2. *p<0.05 (comparisons against saline 
group), **p<0.02, ***p<0.001. 


was Statistically significant in all the period studied 
(p <0.005). The differences in total scores between the three 
experimental groups were statistically significant (p<0.01, 
Fig. 2B, columns at right). 

Sniffing activity. Similar decreasing patterns in the sniff- 
ing activity were observed in saline and HA-treated rats (Fig. 
3A). M-HA treated group, however, showed a higher sniffing 
frequency than saline injected rats and the differences were 
Statistically significant in all the period studied (p<0.001, 
Fig. 3A). In the total scores, M-HA group was also different 
from saline group (p<0.01, Fig. 3A, columns at right). 

Grooming activity. Saline groups showed an increase in 
grooming activity, reaching a frequency of 4.4+0.8 at 15 min 
(Fig. 3B). HA-treated rats showed a lower frequency of 
grooming than the saline group and this difference was 
Statistically significant at 10 min of the testing period 
(p <0.02, Fig. 3B). Rats in the M-HA group showed an in- 
creased grooming activity which was significantly different 
from the saline group at 10 and 15 min of the testing period 
(p<0.001). Total scores were different between groups 
(p<0.01, Fig. 3B, columns at right). 


Session 2: Paired Rats 


Locomotor activity. No statistical difference was ob- 
served between saline and M-HA-treated rats (Fig. 4A). Rats 
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FIG. 4. Locomotor and rearing activity detected in the open-field 
during session 2 in adult male rats. Points at far left of the figure, are 
taken from the previous corresponding figures and represent the 
behavioral activity the animals had in the last 15 min of the first 
sessions. They were repeated only to emphasize the starting activity 
for the additional testing period *p<0.05 (comparisons against 
saline) **p<0.025; ***p<0.01, ****p<0.001. (—20) Indicates the 
moment where sal, M-HA or HA microinjection into the hippocam- 
pus was performed. Time 0 indicates the moment when the intruder 
male rat is entered in the open-field. See Method Section. For other 
details, see Fig. 2. 


in the HA group showed a lower locomotor activity than 
saline injected rats, statistically significant at 10 min 
(p<0.01). In the total scores only the HA group showed a 
significant decrease compared to saline (p<0.01 Fig. 4A, 
columns at right). 

Rearing activity. Rats in the saline group reared 2 times 
each 5 min during the 15 min period studied (Fig. 4B). HA- 
treated rats showed a lower rearing score which was signifi- 
cantly different from saline animals at 5 min and at 15 min 
(p<0.025 and p<0.05, respectively). The M-HA group 
showed a higher rearing activity than did the saline group, 
statistically significant at 5 min and 10 min (p<<0.001, Fig. 
4B). In the total scores HA and M-HA group rats were signif- 


ALVAREZ AND GUERRA 





SOCIAL SNIFFING ACTIVITY 
intruder rat ) 


(N® of times the host rat sniffs the 


ALIAILDV ONISSINS TWIDOS 1VLOL 











l 


> 


> 
= 
> 
— 
oO 
< 
Oo 
= 
= 
2 
oO 
x 
© 


( N@ of times the rat shows the 
behavior / min ) 


ALIAILOV ONIWOONS IVLOL 








T T 
5 10 
ADDITIONAL TIME IN THE 
OPEN FIELD (MIN) 


FIG. 5. Social sniffing and grooming activity detected in the open- 
field during session 2 in adult male rats. *p<0.01 (comparisons 
against saline group), **p<0.02. For other details, see Figs. 2 and 4. 


icantly different from saline group rats (p<0.01, Fig. 4B, 
columns at right). 

Social sniffing. No significant differences were found be- 
tween saline and HA-treated rats. Both groups of animals 
sniffed the intruder rat similarly (Fig. SA). M-HA animals 
differed significantly from saline-treated rats only at 5 min 
(p <0.02). In the total scores, the M-HA group was different 
from the saline group (p<0.01, Fig. SA, columns at right). 

Grooming activity. With the exception of M-HA-treated 
rats at 10 min, the three groups showed similar patterns 
which were not statistically different in the 15 min period 
studied (Fig. 5B). In the total scores only the M-HA group 
showed a grooming activity significantly higher than the 
saline group (p<0.01, Fig. 5B, columns at right). 

Holding activity. No significant differences were found 
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FIG. 6. Holding activity measured in the open-field during session 2 
in adult male rats. *»<0.05 (comparisons against saline group). For 
other details, see Figs. 2 and 4. 


between saline and HA-treated rats in all the 15 min period 
studied (Fig. 6). Although rats in the M-HA group showed an 
increased tendency to hold the intruder rat, it was signifi- 
cantly different from saline (9<0.005) only at the initial 5 
min. In the total scores, M-HA treated rats showed a higher 
holding activity than saline-treated rats (p<0.001, Fig. 6, 
columns at right). 


DISCUSSION 


Present results show that, when histamine is applied into 
the caudal hippocampus, it is able to inhibit at least two 
behavioral parameters associated with the exploratory be- 
havior in the rat: locomotor and rearing activity. This inhibi- 
tory effect of histamine is probably specific in nature. The 
following considerations support this concept. The ‘depress- 
ive’’ action of HA did not affect all the behavioral param- 
eters measured to the same extent. If some unspecific de- 
pressive effect was associated with the imidazolamine, it 
should be expected to affect the overall activity of animals, 
but this was not observed under the experimental conditions 
described (Fig. 3A, Fig. SA and B, Fig. 6). The possibility 
that the low frequencies of locomotor and rearing activities 
measured in the HA-treated rats can be due to some local 
and unspecific irritative stimulus of the implant itself also 
seems unlikely. If it were so, it should be expected that no 
differences would be detected between the three groups of 
experimental animals in the behavioral estimates measured. 
From the figures, it is clear that in not a single case did all 
groups behave alike. The possibility that the effect observed 
with histamine may be due either to an unspecific general 
property of the imidazol nucleus, or to an altered neuronal 
response due to the exposition of a solution of different os- 
molarity cannot explain the results obtained. 3- 
Methyl-histamine (N methyl-histamine dehydrochloride) is 
the inactivation product of histamine in mammalian tissues 
[4,13], and has about the same osmolarity and shares the 
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imidazol nucleus. When 3-methyl-histamine is injected into 
the hippocampus under the same experimental conditions, it 
does not reproduce the behavioral effects of HA. It is quite 
probable, then, that the inhibitory action of histamine can be 
specific in some estimates of the exploratory behavior. 

Considering that 3-M-HA is an inactive product of his- 
tamine, it was included in our study as a ‘“‘double control.”’ 
Although animals treated with 3-M-HA did not behave as the 
HA-treated ones, an increased behavioral activity was ob- 
served. It is not likely that the ‘‘excitatory effect’’ detected 
may be due to an occupation of histamine receptors by 
3-M-HA in brain tissue. Using brain homogenates for prepar- 
ing HA receptors it has been reported that 3-M-HA had an 
IC.. greater than 100,000 when tested against 10 nM (about 
1.1 wg) of H*® histamine [25]. Roberts [27] described that 
3-M-HA had an anomalous ‘‘depressant”’ activity in neurons 
when applied by microiontophoresis. However, this possible 
explanation does not seem probable since evidence has re- 
cently been found which suggests that HA in hippocampal 
neurons consequently hyperpolarizes the membrane poten- 
tial [17]. Since 3-M-HA also hyperpolarizes neurons when 
injected into the same brain regions, it should be expected to 
produce similar effects. However, this similarity was not 
observed in this study. The effect of 3-M-HA on behavioral 
processes such as those measured in the present work should 
be further investigated since no reasonable explanation can 
be offered at this time. 

It is well accepted that there are two types of HA recep- 
tors that can be distinguished by pharmacological means 
[4,28]. It should be interesting to know whether the inhibi- 
tory effects of HA in the expression of some exploratory 
behaviors can be mediated by any of these types. Experi- 
ments in our laboratory have shown that the depressive ac- 
tion of HA on open-field behavior is not reproduced by 2 
(2-pyridyl) ethylamine, an H, selective agonist (unpublished 
observations, manuscript in preparation). Work is in progress 
to define whether an H, HA agonist is able to inhibit locomo- 
tor and rearing activity to the same extent as HA. 

Although the hippocampus has been the subject of intense 
research from a variety of points of view [19, 24, 31], rela- 
tively few studies has been performed in relation to explora- 
tory behavior in the rat [11,20]. The role of HA in hippocam- 
pus has been supported by the evidence of an H, histamine 
adenylate cyclase grouping which is sensitive to inhibition by 
the tricyclic antidepressant drugs [14,21]. In these studies, 
the maximal stimulation of the enzyme was found with 100- 
300 4M histamine [21]. In our experiments, we found behav- 
ioral effects with a concentration of SmM HA or about 17-50 
times in excess of the necessary concentration for maximally 
stimulating the H,-HA receptor coupled to the adenylate- 
cyclase. Although some caution must be used when inter- 
preting these results, since the same authors [18] did not find 
the adenylate cyclase coupled to HA in the hippocampus of 
the rat, they are not evidence against a histamine receptor 
fulfilling some functional role of behavior in the hippocampal 
tissue. Present data suggest that HA receptors may well be 
involved in the physiological control of some selected behav- 
iors in the rat. 
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MOORE, J. W. AND J. E. DESMOND. Latency of the nictitating membrane response to periocular electro-stimulation in 
unanesthetized rabbits. PHYSIOL. BEHAV. 28(6) 1041-1046, 1982.—The latency of the nictitating membrane response 
(NMR) in rabbit (Oryctolagus cuniculus) to periocular electro-stimulation is a negative exponential function of stimulus 
current with an asymptote of approximately 17 msec. The NMR was recorded by means of a precision low-torque poten- 
tiometer like that employed in previous studies of NMR latency, and the criterion of response initiation employed here was 
similar to that employed in studies of classical conditioning in this preparation. Using estimates from physiological studies 
on surgically acute preparations, the minimum latency of the NMR of 17 msec can be decomposed as follows: 4 msec to fire 
motoneurons of the accessory abducens nucleus; 9 msec for conduction, synaptic transmission, and recruitment of retrac- 
tor bulbi muscle fibers; 4 msec for the nictitating membrane to initiate its sweep after eyeball retraction. The implications of 


these estimates for chronic unit-recording studies of the conditioned NMR are discussed. 


Nictitating membrane reflex Latency of response 


Accessory abducens nucleus 


THE defensive nictitating membrane response (NMR) of the 
rabbit has been widely adopted for behavioral and 
neurobiological investigations of classical conditioning [2, 
12, 16, 17, 18, 19, 20, 22, 24, 25, 26, 29, 30]. One area of 
uncertainty regarding this response is its latency to periocu- 
lar electro-stimulation (eye shock). Eye shock is employed 
as an unconditioned stimulus (US) to support learning in 
several laboratories [14, 19, 22, 25, 26]. 

The NMR is a passive consequence of eyeball retraction 
[4,6]. In rabbit, eyeball retraction to tactile and brief 
nociceptive stimulation appears to be mediated by rostral 
elements of the sensory trigeminal complex and 
motoneurons of the ipsilateral accessory abducens nucleus 
[3, 4, 9, 12]. Berthier [3], working in our laboratory with 
anesthetized and paralyzed rabbits, found that the minimum 
latency of firing of these motoneurons in response to eye 
shock is on the order of 4-5 msec. In addition, the proportion 
of motoneurons firing with this latency was found to be an 
increasing function of stimulus current. Retraction of the 
eyeball is resisted by the elasticity of extraocular muscles 
and connective tissue and by the viscosity of fluid media. 
With recruitment of most available muscle fibers, it is likely 
that eyeball retraction is essentially instantaneous. How- 
ever, with the activation of fewer muscle fibers, due to exci- 
tation of a smaller proportion of motoneurons in the availa- 
ble pool, restraining forces add to the delay imposed on ini- 
tiation of a response. Thus, although the latency of the NMR 
is a decreasing function of the rate and degree of recruitment 
of motoneurons, which is in turn a function of stimulus cur- 
rent, the parameters of this functional relationship cannot be 


Periocular stimulation 


Retractor bulbi muscle 


specified in advance. Determination of the parametric fea- 
tures of the relationship between NMR latency and stimulus 
current was the major objective of this investigation. 

Accurate information regarding the latency of the N MR is 
useful for relating conditioned responding to patterns of con- 
currently recorded electrophysiological activity. Berger, 
Thompson and their associates [2, 29, 30], for example, have 
reported that unit responses recorded from the hippocampus 
precede response initiation by as much as 40 msec. In order 
to construct a scenario of brain events underlying learning in 
this preparation, it is desirable to have some idea of how 
much of this differential might be assigned to factors con- 
tributing to NMR latency occurring after the initial activation 
of motoneurons. Cegavske, Thompson, Patterson and Gor- 
mezano [6], in their seminal investigation of efferent control 
of the NMR in rabbit, stimulated the trunks of exposed ab- 
ducens nerves in 4 anesthetized rabbits and observed NMR 
latencies averaging approximately 16 msec; 4 msec of this 
interval was attributable to a delay between eyeball retrac- 
tion and initiation of membrane extension. With a similar 
recording arrangement, we here report minimum latencies of 
approximately 17 msec, from the onset of eye shock, in un- 
anesthetized and surgically intact animals. Assuming that 
4-5 msec of this interval involves activation of motoneurons 
[3], the average minimum additional delay to the initiation of 
the NMR is estimated to be 12-13 msec. Thus, a lead be- 
tween the firing of hippocampal units and response initiation 
of 40 msec, as reported by Berger et a/. [2,29], may represent 
a lead of only 27-28 msec (or less) in terms of the firing of 
accessory abducens motoneurons. 





METHOD 


Animals 


The animals were New Zealand albino rabbits (Oryc- 
tolagus cuniculus) weighing between 2-3 kg and approx- 
imately 100 days old. They were obtained from a local 
supplier and were housed individually with unrestricted ac- 
cess to food and water. The colony room was illuminated 24 
hours/day. 

All animals had received classical conditioning based on 
periocular electro-stimulation at most one week prior to this 
investigation. During that training they received 400-600 US 
presentations in 100-trial sessions. These USs, unlike those 
employed here, consisted of 60-Hz AC stimulation of 1.5 mA 
and 50 msec duration. 


Periocular Electro-Stimulation 


Animals were tested individually. They were restrained in 
Gormezano-type restraining boxes [10], commonly em- 
ployed in conditioning studies, and tested within an electri- 
cally and sound shielded enclosure normally employed for 
electrophysiological experiments. Stimulation was applied 
by 9-mm stainless steel wound clips to which alligator leads 
from the stimulus source were attached. These electrodes 
were crimped into the marginal region of the right eye: One 
located in an inferior position within 3 mm of the margin and 
the other in a posterior position, also within 3 mm of the 
margin. The wound clips were typically 15-20 mm apart. 

Except for preliminary experiments, electro-stimulation 
consisted of single pulses from a Grass S88 stimulator and 
associated stimulus isolation and constant current units. 
Stimulation was applied at a rate of every 30-60 sec in both 
ascending and descending current levels ranging between 
1-10 mA. One or two of each series was typically given. 

Single-pulse stimulus duration was held constant at 8.3 
msec. This value was selected because it appeared to be 
close to the asymptotic value of a function relating latency to 
pulse duration. This was established in experiments in which 
current was held constant at 2.5 mA and pulse duration was 
varied in both increasing and decreasing series between 1-10 
msec (see Fig. 4). 

Finally, separate experiments were performed to deter- 
mine whether a single-pulse eye shock of 8 msec duration, at 
a given current level, is equivalent to an 8-msec train consist- 
ing of six 0.5-msec pulses at the same level of current (see 
Fig. 2D). 


Recording the NMR 


The NMR was recorded by a low torque potentiometer 
(Conrac model 85153) in a manner similar to that employed 
by Cegavske et al. (([6], see also [10]). This potentiometer is a 
precision instrument featuring a rotary shaft mounted in ball 
bearings and 10 K?? resistance distributed over 272 angular 
degrees. A displacement of the wiper of 1°, therefore, sub- 
tends approximately 37 2 and 3.3 windings. 

The wiper of the potentiometer was mechanically linked 
by a thread to a suture sewn into the nictitating membrane in 
the manner portrayed in Fig. 1. In the resting (baseline) 
position the wiper served as a voltage divider between 2 
series-connected 6-volt lantern batteries (dry cells), with 5 
KQ between the wiper and each of the fixed terminals of the 
potentiometer. The voltage differential between the wiper 
and the common terminal of the two batteries was amplified 
and displayed on one beam of a Tektronix 502A oscillo- 
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FIG. 1. Schematic representation of method of recording the NMR. 


scope. Photographic records of each trial were normally 
taken with a vertical gain of 50 mV/cm and a sweep speed of 
5 msec/cm. In some preliminary experiments, the vertical 
gain and sweep speed were 100-200 mV/cm and 20 msec/cm 
respectively. 

Response latency was defined as the elapsed time be- 
tween stimulus onset and a point on the rising phase of the 
oscilloscope trace that was 2 mm above baseline. This point 
corresponds to a linear displacement of the nictitating mem- 
brane of 0.43 mm. Given the geometry of the recording sys- 
tem, a displacement of the nictitating membrane of 0.43 mm 
produced a movement of the potentiometer wiper of 0.6°, or 
approximately 2 windings of the coil resistance. This value 
represents a 10-mV signal from the transducer and was the 
minimum displacement that exceeded the noise level of the 
potentiometer’s winding. 

Given the low torque of the potentiometer and the typical 
positioning of the variable counterweight, the resisting force 
on the nictitating membrane at rest was approximately 1 
gram. 


RESULTS 
Response Topography and Rise Time 


Three animals received a short series of eye shocks (60- 
msec train of four 8.3-msec pulses) in order to determine the 
rise time of the NMR as a function of current level. Figure 
2A shows typical responses to current levels of 0.5, 1.0, and 
1.5 mA (bottom to top): The point of initiation of the re- 
sponse was a decreasing function of current level, ranging 
between 20-40 msec. Latency to response peak from 
stimulus onset was approximately 100 msec in all cases. Fig- 
ures 2B and 2C show responses to the 4-pulse train for 2 
additional animals. Current levels were 2, 3, 4, and 5 mA (top 
to bottom) in each case. Although it is difficult to accurately 
estimate the latency of response initiation with the combina- 
tion of vertical amplification and sweep speed employed, it 
appears that latency was just under 20 msec for most cases, 
and the latency to peak was essentially invariant at 100 msec 
from stimulus onset. 

Response amplitude was an increasing function of current 
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FIG. 2. Oscilloscopic displays of NMRs; background grids=1 cm?. 
A. Animal B53: Responses to 4 8.3-msec pulses of 1.5, 1.0, and 0.5 
mA (top to bottom); 200 mV/cm x 20 msec/cm. B. Animal B58: 
Responses to 4 8.3-msec pulses of 2.0, 3.0, 4.0, and 5.0 mA (top to 
bottom); 100 mV/cm x 20 msec/cm. C. Animal B63: Same as B. D. 
Animal B66: Initial phase of responses to 8-msec trains consisting of 
6 0.5-msec pulses of 4.0, 5.0, and 7.0 mA (traces 1, 3, and 5 from the 
top) and to single 8-msec pulses of 4.0, 5.0, and 7.0 mA (traces 2, 4, 
and 6 from the top); 50 mV/cm x 5 msec/cm. 


level, but attained an asymptote of 10-13 mm, depending on 
the individual animal, for all current levels in excess of 2 mA. 
These values are close to those observed using maximally 
effective tactile stimulation of the cornea or margin of the 
eye [4]. 


Response Latency as a Function of Current 


While response rise time and amplitude approached 
asymptotic levels with current levels of 2 mA, response la- 
tency did not approach a limit until current levels were 7 mA 
or greater (see Fig. 3). The plotted points are the mean 
latencies based on 9-1 animals. Two animals did not re- 
spond at the lowest level of current (1 mA) using single-pulse 
stimulation, and one animal was not tested at the three high- 
est current levels. The vertical brackets designate the esti- 
mated standard error for each point. Each animal’s score 
was actually the mean of an ascending and descending series 
of trials (see Method section). Figure 3 indicates that re- 
sponse latency decreased exponentially from over 30 msec at 
1 mA to approximately 17 msec at 10 mA. The inflection at 4 
mA is due to the behavior of only 4 of 11 animals and is 
therefore not significant. 

A computer search of optimal least-squares parameter 
values using the points plotted in Fig. 3 indicated that the 
relationship between response latency in msec (L) and 
stimulus current in mA (I) can be expressed as follows: 

L - 17 + 34e 0.621 


(MSEC) 


LATENCY 





4 

CURRENT (mA) 
FIG. 3. Latency of NMR (msec) as a function of current (mA) of an 
8.3-msec stimulus pulse. Points are means, and brackets are +1 
estimated standard error. 
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PULSE DURATION (MSEC) 
FIG. 4. Latency of NMR (msec) as a function of duration (msec) of a 
2.5 mA stimulus pulse. Points are means, and brackets are +1 esti- 


mated standard error 


Response Latency as a Function of Duration 


Figure 4 shows mean response latencies and estimated 
standard errors to single-pulse stimulation of 2.5 mA, with 
stimulus duration varied between 1-10 msec. These data 
come from 7 of the animals that contributed to Fig. 3, except 
that only 6 responded to the 1-msec pulse. In contrast to the 
two-fold variation in latency (between 17-34 msec) evident 
in Fig. 3, mean latency ranged between 27-31 msec with 
variation of stimulus duration. Notice that the mean latency 
to an 8-msec pulse is close in value to that observed at 2.5 
mA in Fig. 3. 
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Response Latency as a Function of Stimulus Pattern 


Control experiments on 2 animals indicated that stimulus 
current, rather than the pattern of stimulation, determines 
response latency. Figure 2D, for example, illustrates the ini- 
tial component of the NMR to single 8-msec pulses of 4, 5, 
and 7 mA (top to bottom). These were alternated with pre- 
sentations by an 8-msec train, consisting of six 0.5-msec 
pulses, at the same current levels. No consistent differences 
in latency to the two patterns of stimulation were noted for 
these or other levels of current between 1-10 mA. 


DISCUSSION 


The present investigation selected a criterion of response 
initiation similar to that employed in behavioral and 
physiological experiments. For example, Cegavske et al. [6] 
defined the onset of a conditioned NMR in their chronic 
experiments as the point in time following stimulus onset 
corresponding to a displacement of the membrane of 0.5 mm. 
This is close to the 0.43 mm criterion employed here. With 
this reference point, the minimum latency of the NMR from 
the onset of eye shock is on the order of 17 msec. 

As noted above, Berthier [3], in his physiological investi- 
gation of the afferent component of the rabbit NMR, re- 
ported latencies of motoneurons discharge recorded from the 
accessory abducens nucleus as low as 4-5 msec. As stimulus 
intensity (current level) increased from 1.25 to 7.50 mA, a 
higher proportion of units began to fire with this latency. 
However, increasing stimulus duration (1-1000 msec) at a 
given level of stimulus current did not alter the proportion of 
motoneurons firing with the minimum latency of 4-5 msec. 
Berthier [3] also found that the duration of motoneuron dis- 
charge increased with stimulus current but was relatively 
insensitive to stimulus duration. These observations are 
basically consistent with the findings of the present investi- 
gation in that we observed a greater variation of UR latency 
as a function of stimulus current levels than as a function of 
stimulus duration. 

The physiology of the effector component of the NMR 
has received greater attention in cat than in rabbit [1, 8, 11, 
13, 27]. Recent studies by Spencer, Baker and their associ- 
ates [1, 8, 27] have clarified the physiology and synaptic 
organization of motoneurons of the abducens and accessory 
abducens motoneurons. Lennerstrand [15] has investigated 
the mechanical properties of retractor bulbi muscle slips and 
single muscle units in response to stimulation of the abdu- 
cens nucleus. In pentobarbitone anesthetized cats, the la- 
tency to peak muscle tension from stimulus onset was ap- 
proximately 9 msec, and the range over this and similar 
studies was 7-18 msec. Peak muscle tension was found to be 
an increasing function of single-pulse stimulus voltage, but 
did not increase with repeated pulses, indicating little tem- 
poral summation. These observations are consistent with the 
present investigation in that NMR latency, assumed to be 
inversely related to the rate of recruitment of retractor bulbi 
muscle fibers, was more sensitive to variation of the current 
level of single-pulse stimulation than to its duration. 

The rate of recruitment of muscle fibers determines NMR 
latency because of restraining forces on the eye [7]. These 
forces can be modeled as a Voight element consisting of both 
viscous and elastic components. With the eyeball motionless 
(apart from micronystagmus), these components contribute 
to the resting inertia that must be overcome before the 
eyeball can retract. Cegavske et al. [6] have provided evi- 
dence that there are also restraining forces associated with 
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the membrane. They recorded eyeball retraction via a low- 
torque potentiometer system affixed to a suture sewn into 
the lens, and a similar device was used for concurrent re- 
cording of membrane sweep. As previously noted, the la- 
tency of the NMR to abducens nerve stimulus averaged 16 
msec. The latency of eyeball retraction averaged approx- 
imately 12 msec, a difference of 4 msec. This delay is largely 
due to the time required to compress Harder’s gland, which 
in turn pushes the membrane across the eye. 

All these threads of evidence permit reconstruction of the 
latency of the effector component of the unconditioned 
NMR. If the cat and rabbit are comparable, we can assign a 
value of 9 msec to the time between motoneuron discharge 
and the recruitment of retractor bulbi muscle fibers using 
Lennerstrand’s [15] data. This figure includes both conduc- 
tion time and synaptic delay at the neuroeffector junction. 
With the recruitment of a sufficiently large proportion of 
available muscle fibers, the eyeball should begin to retract 
almost instantly. With progressively fewer motor elements 
recruited with decreasing levels of stimulation, retraining 
forces of the eye in orbit contribute additional time to NMR 
latency. The 4 msec differential between eyeball retraction 
and the NMR reported by Cegavske et a/. [6], using compar- 
able recording systems for both measurements, would be as- 
signed to restraining forces contributed by Harder’s gland, 
and its interface with the globe. When coupled with the 4-5 
msec figure assigned to the afferent component of the reflex 
arc on the basis of Berthier’s [3] investigation, the observed 
minimum latency of 17 msec to periocular electro- 
stimulation can be decomposed as follows: 4 msec to activa- 
tion of motoneuron discharge, 9 msec to peak recruitment of 
retractor bulbi muscle fibers and movement of the eye, and 4 
msec for the membrane to begin its extension. 

Thus, in the absence of direct evidence it would appear 
that 13 msec is a reasonable estimate of the interval elapsing 
between the firing of accessory abducens motoneurons and 
the occurrence of a response of sufficient magnitude to be so 
classified in studies of conditioning. We need not emphasize 
that this estimate requires validation in experiments in which 
the firing of accessory abducens motoneurons is recorded 
concurrently with the behavioral response. Such a procedure 
could be impractical using electro-stimulation as the eliciting 
stimulus, however, because of stimulus artifact picked up by 
the recording microelectrode. This difficulty might be cir- 
cumvented by using another type of eliciting stimulus or else 
by assessing the latency of the efferent component using the 
conditioned, rather than unconditioned response as the point 
of reference. The latter option is suggested by the fact that a 
robust conditioned NMR, as would be typical of that to a 
moderately intense acoustic signal and an optimal in- 
terstimulus interval, shares two topographical features with 
an unconditioned response to a moderately intense eye 
shock—full membrane extension and rapid rise time. Al- 
though the latency from stimulus onset is typically greater 
for conditioned than unconditioned responses, the interval 
between firing of motoneurons and the NMR is likely com- 
parable. In the case of conditioned responses with slower 
rise times and/or lower amplitude, however, the elapsed time 
between firing of some proportion of accessory abducens 
motoneurons and the behavioral response could be much 
greater than 13 msec. 

These considerations provide rough guidelines for judging 
whether concurrently recorded unit activity that is corre- 
lated with conditioned responding is indicative of a causal 
link. If the correlated unit activity recorded from a particular 
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brain site consistently precedes the conditioned NMR by 
less than 13 msec, it almost assuredly is not part of a system 
that provides excitatory synaptic drive to accessory abdu- 
cens motoneurons. Unfortunately, because of the mechanics 
of the eye and orbit, discussed above, a phase lead greater 
than 13 msec provides no guarantee of a causal link. To be 
conservative, we suggest that only phase leads in excess of, 
say, 25 msec be considered as candidates for such a relation- 
ship. Our reasoning here is that a robust conditioned re- 
sponse involves a rate and degree of activation of 
motoneurons at least comparable to that produced by the 
2-mA stimulus depicted in Fig. 3. Using Berthier’s [3] obser- 
vations once again, we can assume that some proportion of 
these motoneurons begin to fire 4-5 msec after eye shock 
onset. Given the average latency of 26 msec, these ‘‘early 
bursters’’ would precede the behavioral response by 21-22 
msec, a figure that compares favorably with estimates de- 
rived from published peristimulus-time histograms of unit 
activity recorded from the abducens nucleus during NMR 
conditioning ([5], Fig. 8, p. 605). 

Phase leads in excess of 25 msec between correlated unit 
activity in a particular brain site and the behavioral response 
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provide only suggestive evidence of a causal link. Moreover, 
since synaptic input could produce a relatively slow de- 
polarization of motoneurons toward firing, phase leads sig- 
nificantly longer than 25 msec might point toward a causal 
link whereas one nearer to this value might be merely cor- 
relative and spurious. Resolution of questions regarding 
synaptic linkages to accessory abducens motoneurons active 
during conditioning awaits the application of techniques for 
intracellular recording in chronic unanesthetized animals, 
together with intracellular injection of marker substances for 
identification of neurons. Such techniques might evolve from 
recently developed innovations for chronic intracellular re- 
cording from spinal motoneurons in unanesthetized cats [21]. 
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COLPAERT, F., A. N. MAROLI AND T. MEERT. Parametric effects in the discrimination of intracranial stimulation 

Some methodological and analytical issues. PHYSIOL. BEHAV. 28(6) 1047-1058, 1982.—Rats were implanted with elec- 
trodes in the medial forebrain bundle at the level of the lateral hypothalamus. Electrical stimulation was established as a 
conditioned stimulus for responding in a modified two-way active shock avoidance procedure. Stimulus generalization 
experiments were conducted to determine the effects of pulse frequency, current intensity, pulse duration, and of train 
duration. It was found that the discriminative stimulus properties of the electrical stimulation co-varied in an orderly 
manner with variations in each of the parameters. The generalization data sets of frequency, intensity, and train duration 
could be fitted by linear functions in log-linear coordinates; the effects of pulse duration generated a biphasic gradient. An 
analysis in terms of charge revealed that train duration had the lowest slope, whereas frequency and intensity generated 
equally steep functions. The most striking differences occurred among conditions which were similar in terms of current 
intensity, pulse duration and number of pulses, but which differed in the temporal patterning of pulses. Some methodologi- 
cal and analytical aspects of discrimination and generalization with intracranial stimulation are discussed. 


Stimulation parameters Discrimination 


THE technique of applying direct electrical stimulation to 
the brain (ESB) of unanesthetized animals by means of mac- 
roelectrodes has been used extensively to investigate brain- 
behavior relationships in a variety of species. In a com- 
prehensive review of this work, Doty [8] has concluded that 
ESB can be used effectively in behavioral paradigms to 
study the functional organization of the nervous system. 
This is well illustrated by the work on self-stimulation (for 
review, see [29]). Studies of this phenomenon have at- 
tempted to elucidate the neural mechanisms which underlie 
drive and reinforcement. In many cases, the information ob- 
tained from such studies has been based on some measure of 
the magnitude of responding when delivery of the ESB is 
contingent upon some aspect of the animal's behavior. A 
number of other investigations, however, have sought to 
study the perceptual properties of ESB rather than its moti- 
vational consequences. 

Within this context, one approach which has been taken 
involves establishing ESB at one brain site as a CS and then 
testing for stimulus generalization either with ESB at other 
loci [16, 20, 22] or following parametric manipulations of the 
stimulation serving as the CS [2, 3, 6, 7, 22]. The extent to 
which the test stimuli are capable of eliciting the same re- 
sponse as the original CS is taken as an index of perceptual 
similarity between the testing and training stimuli. On this 
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Generalization 


Electrical stimulation 


basis inferences are made about functional relationships be- 
tween different neuronal populations or about neurophys- 
iological processes which constitute the CS. 

There are several aspects of this technique which seem to 
make it potentially suited for laboratory investigations. First, 
it has been shown that ESB can be as effective as peripheral 
stimulation in establishing an active avoidance response 
[16,21]. Second, the interpretation of results from stimulus 
generalization studies is often less equivocal than that based 
on measurements such as response rate [28]. Third, from 
previous studies it appears that direct electrical stimulation 
of virtually any cortical or subcortical brain region can serve 
as a CS in active avoidance learning (see review [8]). Thus, 
the application of this technique is not limited to the study of 
brain systems with intrinsic motivational functions. 

However, there are several difficulties that have been 
encountered in earlier studies on the perceptual properties of 
ESB. A first difficulty relates to the efficacy of the training 
procedure as evidenced by the relatively low percentage of 
animals (often less than 50%) which succeed in learning the 
task [7]. The selectivity of the sample so obtained raises the 
possibility of a bias in the data. A second major problem 
results from the relatively poor stimulus control achieved in 
some studies; in many cases asymptotic performance 
reaches only 60 to 80%, and the reliability of stimulus gener- 
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alization data obtained under these conditions is often poor 
[11]. 

The purpose of the present study, therefore, was to es- 
tablish an efficient and workable method for measuring dis- 
criminative stimulus control of behavior by ESB in the rat. 
Additionally, the viability of this procedure is demonstrated 
by a parametric analysis of the discriminative stimulus prop- 
erties of lateral hypothalamic stimulation. The lateral hypo- 
thalamus was selected for investigation because of the abun- 
dance of parametric data on self-stimulation in this general 
region. 


METHOD 


Animals 


The animals were 13 male Wistar strain rats weighing 
276-342 g (average 304 g) at the time of surgery. They were 
housed in individual stainless steel cages and had unlimited 
access to standard laboratory rat chow and tap water. The 
laboratory space was continuously illuminated and air con- 
ditioned at 21+1°C, R.H. 65+5%. After surgery, two rats 
were lost due to dislodging of the electrode assembly; an- 
other two animals were discarded because of apparent ill- 
ness. The remaining subjects were assigned the serial num- 
bers S4-14, -22, -23, -24, -25, -26, -27, -37, and -39. 


Surgery 


Monopolar electrodes were derived from stainless steel 
insect pins, insulated except for the cross-sectioned area at 
the tip (nominal diameter: 0.2 mm); current return was 
through three or four stainless steel screws anchored in the 
skull. The electrodes were stereotaxically aimed at the me- 
dial forebrain bundle at the level of the lateral hypothalamus 
in the right hemisphere. With the incisor bar raised to 5.0 mm 
above the interaural line, the coordinates used were A +4.6, 
L 1.4, V —3.0 [17]. The electrode assembly was secured to 
the skull with dental acrylic. The animals were anesthetized 
with Thalamonal® (1 ml/100 g b.w., subcutaneous) and 2 mg 
of sodium pentobarbital (in 2 ml; intraperitoneal); im- 
mediately after surgery, they were injected with 0.25 mg of 
naloxone hydrochloride (in 2 ml; subcutaneous). The rats 
were allowed 6 to 11 days to recover. 


Apparatus 


Three walls of the two-way shuttle box were constructed 
of dark Plexiglas, the ceiling and the front wall being made of 
clear Plexiglas (dimensions: 50x 24x52 cm). The floor con- 
sisted of two grids of equal size composed of 4 mm diameter 
stainless steel rods spaced 16 mm apart and running parallel 
to the side walls. The grids could tilt about an axis defined by 
the intersection of the floor with the side wall, and were 
independently suspended at the center of the box. In their 
resting position, i.e., when no depressing force was applied, 
the grids’ position was horizontal; complete depression 
made the grids move downward over a distance of 15 mm 
measured at the center. Both grids were equipped with two 
microswitches each; the counterweights applied to the grids’ 
suspension were adjusted so that activation of the level one 
switch of either grid required a depressing force equivalent 
to about 100 g (measured at the center), whereas activation 
of the level two switch required the equivalent of 150 g. The 
two grids were separated by a stainless steel vertical parti- 
tion which reached 10 mm above the grids when at their 
resting position. 
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A four-channel mercury-commutator swivel was mounted 
on the ceiling. Two channels were used for the brain stimu- 
lation; the other two were connected to an ultrasonic trans- 
mitter which was mounted along the stimulation wires at a 
height of 7 cm above the animals’ head when the stimulation 
wires were plugged into the electrode assembly. This trans- 
mitter constantly emitted ultrasonic waves which were re- 
ceived by two detectors mounted at a height of 43 cm along 
the side walls’ midline. 

All operations and data acquisition were fully automated 
by means of solid state programming equipment. Scrambled 
shocks could be delivered to the grids by two Solid State 
Shocker/Grid Distributors (E 13-16; Coulbourn Instru- 
ments). 


Position Detection 


Logic programming was set up to determine whether at 
any point of time the animal was located in either the left or 
the right compartment of the shuttle box and to make 
equivocal outcomes impossible. The programming was fed 
by signals delivered by two independently operating position 
detection systems. 

The mechanical system comprised two switches at both 
the left and the right compartment. Each switch being in 
either the activated or the inactivated state, there were 9 
possible logic outcomes. In 6 of these, the animal’s position 
was unequivocally identified as left or right depending upon 
which compartment had the higher number of activated 
switches (min: 0; max: 2). Three outcomes were equivocal, 
i.e., 0-0 (occurring when the animal lifted its 4 limbs from 
either grid during a jump), 1-1, and 2-2 (which, depending 
upon body weight, sometimes occurred with an animal 
standing or moving across the partition). 

The electronic system constantly determined which of the 
two detectors first received the waves (40,000 Hz) emitted 
by the ultrasonic transmitter positioned above the animal’s 
head, thus indicating to which of the two side-walls the 
transmitter was nearer. This outcome is never equivocal, 
and the determination of distance provides a correct indica- 
tion of the animal's position in all cases, except when the rat 
has its body in one compartment but its head in the other. 
(This case is extremely frequent, and gives rise to spurious 
numbers of recorded responses when during the intertrial 
interval the animal stands alongside the partition while mov- 
ing its head back and forth across the partition.) 

Through logic programming, then, the mechanical sys- 
tem’s outcome was accepted if unequivocal; if the latter 
were equivocal, the electronic system’s distance indication 
was accepted. By doing so, the one system takes over from 
the other at times when the latter’s outcome is not perfectly 
reliable, and vice versa. The animal’s position being so de- 
termined, a response was defined as any transition (to the 
nearest 0.1 sec) of its position from left to right, or from right 
to left. 

The position detection device is described in some detail 
here because it appears to be exceedingly versatile and can 
cope with nearly all of the bizarre situations often 
encountered in the shuttle box; it was also found consid- 
erably more accurate and rapid than any of the more familiar 
methods we have used so far, including the human observer. 
It is worthy to note that the 40,000 Hz frequency used by the 
present device is audible to the rat. Thus, the device may add 
auditory information to the visual, olfactory, and tactile cues 
that are available in the experimental environment. 





ESB DISCRIMINATION 


Active Avoidance Procedure 


The procedure used here generally conforms to a regular 
two-way active avoidance procedure whereby, following an 
intertrial interval of some length, the occurrence of floor 
shock is signalled by electrical brain stimulation. 

The brain stimulation serving as the CS consisted of a 
1.0-sec train of negative-going rectangular 0.1-msec pulses. 
Pulses were equally spaced by a 10-msec interval, yielding a 
frequency of 100 pulses per sec (pps). Unless stated other- 
wise, constant current intensity was maintained at 400 wA in 
all animals. The stimulation was monitored at all times by 
means of an oscilloscope. 

A trial commenced with an intertrial interval (ITI) whose 
duration was invariably a multiple of 5 sec. ITI’s were deliv- 
ered according to a Random Duration-Mode Minimum dis- 
tribution in that (i) an ITI was discontinued following a ran- 
dom number of 5-sec blocks, and (ii) its modal duration 
equalled the lowest possible duration. To this end, a 
probability gate was addressed at 20% with a clock pulsing 
once every 5 sec; the distribution so generated is such that 
the probability of each larger duration is less than that of 
each smaller one. However, the generator was put into effect 
only after an initial 5-sec buffer time had expired, so that the 
lowest possible duration was 10 rather than 5 sec (in the 
first 20 trial session of training, the buffer time was 25 sec, so 
that the briefest possible ITI interval was 30 sec). Also, the 
ITI was discontinued after 60 sec if the generator had not 
terminated it earlier. This distribution of ITI durations was 
chosen because it keeps the expectancy that the ITI termi- 
nates at the coming 5-sec block constant throughout the 10 to 
55 sec range. This is much unlike, e.g. the random distribu- 
tion, whereby this expectancy, and hence response bias, in- 
creases as a function of the time expired. The buffer time 
was inserted because rapidly succeeding trials sometimes 
had deleterious effects on performance, particularly in early 
training. The longest possible duration of ITI was limited to 
60 sec in order to prevent the occurrence of intervals of 
excessively long duration. 

All responses occurring during the ITI are referred to as 
ITI responses. Depending upon the phase of training (see 
below), ITI responses were punished, but then only uni- 
directionally. That is, if the animal was to leave the com- 
partment it was in at the beginning of the ITI, then shock was 
applied to the opposite compartment; but the return re- 
sponse possibly occurring thereafter, was not punished. 
Also, the duration of shocks given on ITI responding was 
limited to 0.2 sec; shocks of this duration exerted little overt 
effects in experimentally naive rats, yet appeared to be suf- 
ficiently long to discourage ITI responding in experienced 
animals. The use of brief unidirectional shocks was found to 
largely prevent the behaviors suggestive of conflict (e.g. 
freezing, violent jumping) which have very deleterious ef- 
fects on performance; with longer or bidirectional shocks, 
conflict behavior often developed to a point where adequate 
training of the rat was no longer feasible. 

The termination of the ITI coincided with the onset of 
both the 1-sec CS and the CS-US interval. Though shorter in 
some trials (see below), this interval typically had a duration 
of 5 sec. A response occurring during the CS-US interval 
(latency < 5.0 sec) was termed an avoidance response. In the 
absence of such a response, shock went on in the compart- 
ment where the rat was in at the beginning of the CS-US 
interval until the animal escaped. The latency of the first 
(avoidance/escape) response occurring after the onset of the 
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CS was recorded to the nearest 0.1 sec; the response also 
marked the end of the trial. 


Training Schedule 


Training began with a single 20 trial session during which 
only non-signalled shocks were presented. Thus, there was 
no CS, shock intensity was low (0.3 or 0.4 mA), ITI re- 
sponses were not punished, and the buffer time introducing 
the ITI had a duration of 25 sec. The purpose of this session 
was to familiarize the rat with the general conditions of the 
experiment, and to make it cross the hurdle in response to 
floor shock. 

In phase one of training and at any later point, a session 
consisted of 40 trials, and the normal 10 to 60 sec range of ITI 
duration was used. ITI responses were still not punished, but 
the animals were now effectively trained to avoid the low- 
intensity floor shock by responding to the brain stimulation 
within the 5-sec CS-US interval. Phase one sessions were 
continued until the animal’s avoidance rate stabilized, irre- 
spective of the level at which this occurred. Current intensity 
initially varied (360-480 1A) among animals, but was gradually 
brought to the final 400 A level for all rats in the course of 
phase one training. The initial intensity was the lowest at which 
an individual animal showed a clear and reliable orienting re- 
sponse. The final 400 uA level was selected on the basis of 
preliminary experimentation indicating that this intensity 
sets a compromise between one which allowed conditioning 
in all subjects tested without at the same time eliciting 
prohibitive motor effects in any one of them. 

The final version of regular training trials was introduced 
in phase two. That is, ITI-responses were now punished by 
0.2-sec floor shocks as described above and shock intensity 
was gradually raised to 0.6 mA for all animals. The latter 
shock intensity generated better stability of performance 
than the lower intensities that were used in initial training. 
Phase two training was continued until the rates of avoidance 
and ITI responses had again stabilized, irrespective of the 
levels at which this occurred. 

Speed trials were introduced with the last phase of train- 
ing. Speed trials were similar to training trials, except that 
their CS-US interval was 2.5 rather than 5.0 sec. A session 
began with 3 speed trials, and another 4 to 7 training trials 
selected randomly among the remaining 37 trials of the ses- 
sion, were substituted for by speed trials. Preliminary exper- 
imentation suggested that many of the failures to avoid shock 
in phase two were, in fact, late responses to the CS, and that 
the majority of these late responses could be brought within 
the S5-sec range by interspacing speed trials among the reg- 
ular training trials. Phase three training continued until the 
rates of avoidance and ITI responding, and avoidance la- 
tency, had stabilized under these final conditions of the ex- 
periment. At this point too, it appeared unnecessary to im- 
pose any constraints on the sample through criteria relating 
to the level of performance at which stabilization occurred. 

In the early phases of training, the animals were given one 
or two sessions per day; from phase three on, all rats were 
run only once a day, 5 days per week. 


Stimulus Generalization Experiments 


Test sessions were similar to phase three training ses- 
sions, except that a number of randomly selected training 
trials were substituted for by test trials. A test trial differed 
from a training trial in that the brain stimulation otherwise 
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delivered as the CS had novel parameter values (test stimu- 
lation) and in that the trial was terminated either by the 
occurrence of an avoidance response, or by the end of the 
5-sec CS-US interval, whichever came first. Also, no foot- 
shock was delivered if the animal failed to respond to the test 
stimulation. 

Four series of experiments were carried out to investigate 
the effects of current intensity, pulse frequency, pulse dura- 
tion, and train duration. The selection of the rat sample par- 
ticipating in any given series was semi-random, as was the 
sequence in which any given rat participated in several series 
of experiments. The selection of the parameter values being 
tested was based on preliminary experiments not reported 
here. The order of presentation of different test values within 
a test session was always random. Only one parameter was 
manipulated within any given test session. 

The CS being given at 400 wA, test values of current 
intensity were selected from nearly equal steps along a log 
scale (i.e., 120, 140, 170, 200, 240, 280 and 340 wA). All 7 
values were tested once in every session. Any given rat was 
given 17 seccessive test sessions on intensity. The animals 
participating in this series were Nos. S4-14, -22, -23, -24, -37, 
and -39. 

The frequency test values were similarly selected from 
nearly equal steps along a log scale (i.e., 25, 29, 36, 42, 50, 
59, 71, and 83 pps). Pulses were equally spaced, so that the 
interval between consecutive pulses varied from 40 to 12 
msec (CS: 10 msec). There were 7 tests per session; the two 
lower frequencies (i.e., 25 and 29 pps) were tested on alter- 
nate sessions. The number of frequency test sessions varied 
from 13 to 24 among different rats (Nos. S4-14, -22, -23, -24, 
-25, -26). 

Pulse duration (CS: 0.1 msec) was varied from 0.02 to 
0.08 msec, the progression being linear. The rise time of 400 
uA pulses was about 40 usec. All 7 test values were tested 
once in each of the 25 sessions that were carried out in each 
subject (Nos. S4-14, -22, -23, -24, -37, -39). 

The effects of train duration were studied in two different 
experiments. The experiments were designed to determine 
whether the temporal spacing of pulses exerted any effect in 
addition to that of the duration of the pulse train. In one 
experiment, pulses were spaced by 10 msec, as with the CS, 
and the train duration values being tested were 0.1, 0.3, 0.5, 
0.7, and 0.9 sec. In the second experiment, pulses were 
spaced by 20 msec, the train duration values tested being 0.1, 
0.3, 0.5, 0.7, 0.9, 1.1, 1.5, and 1.9 sec. Seven or 8 values 
randomly selected from the two series were tested in any 
given session. Each test value was tested 6 to 22 times in 16 
to 26 sessions. The rats participating in these experiments 
were Nos. S4-14, -22, -23, -24, -25, -26, -27. 


Histology 


After completion of the experiment, the animals were 
sacrificed with a lethal dose of sodium pentobarbital, per- 
fused intracardially with physiological saline followed by 
10% Formalin, and decapitated. The brain was not removed 
from the skull until the end of the fixation in Formalin, which 
was a minimum of two weeks. Following fixation the brain 
was frozen and sectioned at 30 uw; every third section was 
stained with cresyl violet and mounted on a slide. 


RESULTS 


Since, in the present experiments, both the CS-US inter- 
val (in training and test trials) and the ITI had a duration of 5 
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FIG. 1. Density of avoidance (@——®) and intertrial responses 
(O——O), and average (+1 S.E.M.) latency of avoidance responses 
in one rat (No. S4-39) throughout the three consecutive phases of 
training. 


sec or a multiple thereof, the occurrence of all avoidance and 
ITI responses could be expressed as a density (of responses) 
per 5 sec unit of time. Consequently, the ratio of avoidance 
response density to ITI response density was derived to 
provide a single expression of the strength of the response 
control exerted by the CS. 


Acquisition 


The length of the 3 phases of training varied among sub- 
jects, and the course of acquisition is exemplified here on the 
basis of the data obtained from one animal (i.e., $4-39). 

In the first phase one session, only few responses oc- 
curred, but those avoidance responses which did occur, had 
a relatively brief average latency (1.2 sec). Thereafter, the 
density of avoidance responses, but also that of ITI re- 
sponses, rapidly increased to an apparent ceiling of about 
93% and 45%, respectively (Fig. 1). At that point, the aver- 
age latency of avoidance responses levelled off at about 2.4 
sec, and response control by the CS was relatively poor 
(ratio: 2.1). 

The introduction of ITI shocks with phase two initially 
caused a sharp drop of ITI responses, but also of avoidance 
responses. In the course of phase two, the density of ITI 
responses further decreased to about 4%; however, the rate 
of avoidance responses gradually recovered to reach a level 
of about 80%. At that point, avoidance latency had progres- 
sively lengthened to an average of about 3.6 sec, but re- 
sponse control had markedly improved (ratio: 20.0). 
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FIG. 2. Percentage avoidance responding as a function of pulse frequency in six rats trained to make an 
avoidance response to intracranial stimulation as a CS. Data are presented for each rat separately 

Data points represent the percentage of tests in which a given parameter value elicited an avoidance 
response; raw percentages were given a linear transformation whereby the intertrial response density 
and the avoidance density on training trials served to specify the 0 and 100% level of effect, respec- 
tively. The curves represent the regression lines computed for the closed symbols; data points (open 
symbols) lying about the 0 and 100% levels were generally discarded. The symbol b is the parameter b 
in the regression equation y=a+bx; F;, indicates the value along the abscissa which corresponds to the 


50% level of effect along the ordinate. 


TABLE 1 


DENSITY OF AVOIDANCE RESPONSES AND OF RESPONSES 
OCCURRING DURING THE INTERTRIAL INTERVAL, AND 
AVERAGE AVOIDANCE LATENCY, IN 9 RATS FOR WHICH 

ELECTRICAL BRAIN STIMULATION SERVED AS THE CS IN A 

TWO-WAY ACTIVE AVOIDANCE PARADIGM 





Average 
avoidance 
latency (sec) 


Density (%) of 
Rat avoidance ITI 
S4- responses responses 





14 98.1 
22 93.0 
23 97.7 
24 96.1 
25 93.7 
26 89.2 
27 97.6 
37 98.9 
39 97.0 
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The primary effect of introducing speed trials (phase 
three) consisted of further increasing the avoidance rate to a 
level above 95%. This was associated with a marked but 
transient increase of ITI responses. By session 44, response 
control had reached a ratio as high as 100; avoidance latency 
at this point averaged about 3.1 sec. 

Notwithstanding responses occurring after 0.1 to 0.3 sec, 


the distribution of latencies of avoidance responses was es- 
sentially bimodal throughout the entire acquisition process 
of this animal. In phase one, the early peak occurred within a 
relatively narrow range (1.1 to 1.6 sec), and had its modus at 
1.3 sec. The modal latency of the early peak shifted to 1.5 sec 
in phase two, and remained at 1.5 sec in the third phase. In 
the first two phases, the late peak arose at about 3.0 sec, had 
its modus at 4.1 sec, but appeared to extend beyond the 
5.0-sec limit. The principal effect of introducing ITI shocks 
(phase two) consisted of increasing the size of this second 
peak. The introduction of speed trials (phase 3) caused the 
modal latency of the late peak to shift to the left by as much 
as 1.0 sec. It also moved this peak’s upper end within the 5.0 
sec limit, suggesting that the avoidance responses that were 
missing in phase two came to belong to the late peak in phase 
three. 

At some point during or after training, the bimodal shape 
of avoidance latencies occurred in all rats, albeit that modal 
peak values differed among animals. The occurrence of this 
shape was transient in some but not in all animals. 


Base-line Performance 


The performance which ensued following training is 
summarized in Table 1. The results are based on the regular 
training trials that were administered during test sessions. 

The density of avoidance responses varied from 89.2 to 
98.9% among different rats, the overall density (11,491 ob- 
servations) being 96.0%; the density of ITI responses varied 
from 0.1 to 1.5% (overall: 0.9%; n=82,714). As a result, the 
overall ratio representing relative avoidance density 
amounted to 107. 
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FIG. 3. Mean (+1 S.E.M.) latency of avoidance responses in tests on the effects of pulse frequency, 
current intensity, pulse duration, and train duration. Data points represent the average (+1 S.E.M.) of 
6 or 7 rats. The asterisk indicates two-tailed p<0.05 for the difference between test latency and the 


latency to the CS. Responses to the CS are indicated by open circular symbols ( 


). The effect of train 


duration was studied with pulses being spaced by either 10 (@) or 20 msec (CD). 


In 6 out of the 9 subjects, the average latency of 
avoidance responses in training trials was within close tem- 
poral proximity (0.29 sec) of the time (2.5 sec) after the CS at 
which the US occurred in speed trials. Three rats (Nos. 
S4-22, -25, -26) had longer average latencies, and the grand 
mean amounted to 2.80 sec (n=11,031). 


Stimulus Generalization Experiments 


Since performance on training trials in test sessions was 
less than perfectly stable throughout the different series of 
stimulus generalization experiments, the test data obtained 
in any given series was evaluated with reference to data from 
training trials collected within the series. This was done for 
each rat individually. To allow for base-line differences 
among animals, raw avoidance density test values were 
given a linear transformation whereby the ITI response den- 
sity and the avoidance density on training trials served to 
specify the 0 and 100% levels of effect, respectively. 

Pulse frequency. Figure 2 summarizes the raw data ob- 
tained in experiments on the effect of pulse frequency. Apart 
from one aberrant data point at 42 pps in No. S4-23, in- 
creases in pulse frequency from 25 to 83 pps engendered an 
orderly increase of response density in each of the 6 subjects 
tested. Within the range determined by the lower and upper 
base-lines, each data set seemed to approximate a linear 
function in log-linear coordinates. Therefore, regression 
lines were computed and the x? test [18] was used to assess 
goodness-of-fit. Data points lying about the 0 and 100% 
levels were discarded except where such would act to distort 
the function. The analysis revealed that, within the limits of 
statistical error (p>0.05), all six sets of data points could 
indeed be fitted by a straight function in a log-linear plot. The 
slope of the function (i.e., the parameter b in the regression 
equation y=a+bx) however, varied from 334.6 (S4-23) to 
785.4 (S4-26) among subjects. The frequency required to 
produce 50% effect (F;) averaged 52.7 pps, the extremes 
being 48.6 (S4-14) and 61.1 pps (S4-26). Note that the 
steepest slope was associated with the highest F;,-value, 
whereas the most shallow slope was associated with the next 
to lowest F,.,-value. 


Inspection of the latencies of avoidance responses occur- 
ring to the test stimulations in individual animals revealed 
that, at least in some subjects, avoidance latency tended to 
decrease as the test frequency approached 100 pps, and the 
group data (Fig. 3) showed these two variables to be highly 
correlated (r,=—0.94; p<0.01) [18]. Responses to 42 
(p<0.05), 50 (p =0.08), and 59 pps (p<0.05) were generally 
slow, whereas the latency of responses to 83 pps was often 
shorter (p =0.059) than in training trials (Wilcoxon test; two- 
tailed) [18]. 

Current intensity. Of the 6 data sets on the effect of cur- 
rent intensity, 5 could be fitted by a linear function (Fig. 4); 
the data obtained with 120 to 200 wA in rat No. S4-39 clearly 
failed to accommodate any simple function. Note that 170 
and 200 uA also produced somewhat aberrant data points in 
S4-22 and S4-37. The slope of the intensity curve was similar 
to that of the frequency curve, the b-values ranging from 
397.0 (S4-22) to 500.0 (S4-37). The intensity required to 
produce 50% effect (1;.) averaged 245.5 wA, and variability in 
I,, among subjects was limited (extremes: 211.9 and 291.3 
BA). 

In two of the 6 rats tested (i.e., S4-14 and S4-37; individ- 
ual data not shown), 170 uA elicited relatively high response 
latencies; latency then monotonically decreased as the test 
value of current intensity increased. However, latency data 
in the other animals were more erratic, and the group result 
failed to yield significance at all intensities tested (Fig. 3). 

Pulse duration. None of the 6 data sets allowed a single 
linear function to fit the data points when the entire range of 
pulse duration test values was considered (Fig. 5). Linear 
approximation was nonetheless possible when the two lower 
duration values were considered separately. Note that these 
two values are lower than the 40 usec rise time that was 
required to generate the 400 A current intensity. The slope 
of the line through the points at 0.02 and 0.03 msec varied 
from 0 in S4-37 to 60.8 in S4-24. The remaining data points 
could then invariably be fitted by a linear function. The 
slopes of these latter functions were clearly shallower than 
those of frequency and intensity; the b-value of pulse dura- 
tion was lower than that of either pulse frequency or current 
intensity in each of the 4 rats tested on all three parameters. 
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FIG. 4. Percentage avoidance responding as a function of current intensity in six rats trained to make 
an avoidance response to intracranial stimulation as a CS. The regression line provided a sufficient fit 
(p>0.05; x? test) in all cases except No. S4-39. See also legend to Fig. 2. 


In all 6 animals, the line through the data points at 0.02 
and 0.03 msec was considerably shallower than the slope of 
the function through the longer pulse durations. The pulse 
duration value at which these two functions intersect was 
surprisingly similar in all rats, the extremes being 0.034 and 
0.042 msec. On the average, this duration value elicited 16% 
of effect. Also, the pulse duration at which 50% of effect 
occurred (along the second linear function; PD,.) only 
ranged from 0.040 to 0.054 msec, the average being 0.048 
msec. 

The latency of responses to pulse duration test values was 
generally higher than that of responses to the CS; this effect 
was significant (p<0.05) at most test values, and fell only 
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short of significance at 0.04 (p=0.075) and 0.05 msec 
(p =0.094) (Fig. 3). As with pulse frequency, response la- 
tency decreased as pulse duration increased, and this trend 
was found significant (r,=—0.93; p<0.01). Note that the 0.08 
msec pulse duration elicited a response rate similar to that of 
the CS, despite the fact that it yielded significantly longer 
latencies. 

Train duration. When tested with an interpulse interval of 
10 msec, the effect of train duration could be fitted (p >0.05) 
by a linear function in each of the seven animals tested (Fig. 
6). The slope of the train duration effect was relatively shal- 
low, and for the six rats which had been tested on train 
duration and on one or more of the other parameters, the 
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FIG. 5. Percentage avoidance responding as a function of pulse duration in six rats trained to make an 
avoidance response to intracranial stimulation as a CS. The lower b value pertains to the line through 
the data points at 0.02 and 0.03 msec. See also legend to Fig. 2. 
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FIG. 6. Percentage avoidance responding as a function of train duration in seven rats trained to make an avoidance response to intracranial 


stimulation as a CS. Train durations were given with an interpulse interval of either 10 (@, 


b-value for train duration was invariably lower than that for 
any other parameter. However, differences among rats in the 
slope of the train duration effect were large, and parameter b 
ranged from 88.6 in $4-22 to 303.0 in S4-26. The train dura- 
tion required to induce 50% of effect (TD) averaged 0.28 
sec, but variability among subjects was again large (ex- 
tremes: 0.16 to 0.40 sec). In the train duration range of 0.1 to 
0.5 sec, latencies of responses were essentially similar to 
those of responses to the CS (Fig. 3). However, latency sig- 
nificantly (p<0.05) decreased at 0.7 sec, and then increased 
again to approach the CS value at 0.9 sec. Thus, at 0.7 sec, a 
100% avoidance rate was observed in the presence of a de- 
creasing effect on latency. 

The effect of train duration was markedly different when 
tested with an interpulse interval of 20 rather than 10 msec 
(Fig. 6). First, the typical curve along which generalization 
proceeded was no longer linear. Second, train duration val- 
ues up to 1.9 sec elicited a 100% reponse density in only one 
rat (S4-23); in all other animals the maximum effect was at 
best partial, and ranged from 11% in S4-14 to 89% in S4-27 
(overall mean: 52.7%). Note that this maximum effect is 
negatively related (r,=—0.95; p<0.01) to the TD,, obtained 
with a 10 msec interval. Third, while the general shape of this 


) or 20 msec (2). See also legend to Fig. 2. 


train duration effect can perhaps be described by a shallow 
curvilinear rise to a ceiling of about 53%, the data from S4-23 
and S4-26 suggest that this ceiling may in some instances be 
followed by a subsequent decline of the effect. Quite re- 
markably, the latency of responses monotonically increased 
as the duration increased from 0.1 to 1.9 sec (r,=1.0; 
p<0.01). Latencies at 1.1, 1.5, and 1.9 sec significantly ex- 
ceeded the control latency (Fig. 3). 

Effect of charge. \n the experiments reported above, the 
manipulations of the parameters of electrical stimulation of 
course entailed systematic alterations in charge. The effect 
of charge was analyzed on the basis of one typical individual 
gradient per parameter. This was done for all parameters, 
except where train duration was examined with a 20-msec 
interpulse interval; in this case, none of the individual gen- 
eralization gradients was felt to be representative (Fig. 6), so 
that here the average response was used. In all other cases, 
gradients were described by linear functions; the functions 
given in Fig. 7 have a slope which is the median of the indi- 
vidual values, and intersect the 50% level of effect at a point 
along the abscissa which represents the mean of individual 
values. (The intensity data from S4-39 were not considered 
in this analysis.) 
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FIG. 7. Percentage avoidance responding as a function of charge. 
Data are derived from the experiments on pulse frequency (F), cur- 
rent intensity (1), pulse duration (PD), and train duration with a 10 
[TD(10)] or 20 msec [TD(20)] interpulse interval (Figs. 2, 4-6). The 
lines represent typical gradients, except for TD(20), in which case 
the average response is given. 


It appears (Fig. 7) that the effect of charge differs mark- 
edly according to the parameter that is being manipulated. 
Manipulations of frequency and intensity appeared to gen- 
erate equally steep slopes, but the intensity gradient was 
somewhat less sensitive in terms of charge. Manipulations of 
pulse duration generated a biphasic gradient; the second 
phase of this gradient approaches the effects of frequency 
and intensity in that (i) it too occurs in the region of 2 uC, 
and (ii) its slope is only slightly shallower than that of fre- 
quency and intensity. 

The most striking differences occurred among conditions 
which were similar in terms of current intensity, pulse dura- 
tion, and number of pulses, but which differed in terms of the 
temporal patterning of pulses. Differences of this nature are 
apparent from the effects of frequency and of train duration 
with a 10 or 20 msec interval between pulses. First, the fre- 
quency gradient generates 0% effect at 1.65 uC, a point at 
which about 41 pulses were administered in all three condi- 
tions. However, the effectiveness of these 41 pulses in- 
creased from 0 to 73% depending on whether they were 
spaced by 25, 20 or 10 msec. This result suggests that, at 
least in this range of intervals, temporal summation of con- 
secutive pulses is operative in the detection of the electrical 
stimulation. Second, the frequency gradient intersects that 
of train duration (with 10 msec interpulse interval) at 2.65 
uC, a point at which about 66 pulses were administered in 
both conditions. In the train duration test, these pulses were 
spaced by 10 msec and occurred during about 650 msec; in 
the frequency test, pulses were spaced by about 15.4 msec, 
but persisted over 1,000 msec. One interpretation of this data 


FIG. 8. Electrode placements projected on schematic sections after 
the Pellegrino and Cushman [17] stereotaxic atlas of the rat brain. 
Sections are 4.6 to 5.2 mm anterior to zero 


is that the effect of temporal summation of consecutive 
pulses has reached ceiling at intervals of 15.4 to 10 msec. 


Histology 

Electrode tip placements are given in Fig. 8. It appeared 
that the electrodes were found mostly in the medial forebrain 
bundle at the level of the lateral hypothalamus. There were 
no apparent trends relating behavioral data to differences in 
electrode placements. 


DISCUSSION 


The present report describes an experimental procedure 
for establishing discriminative response control by ESB in 
the rat. The procedure generally conforms to the two-way 
active avoidance paradigm used by Mogenson and Morrison 
[16] but has some distinctive features. Prominent among 
these are the limited punishment of intertrial responses by 
unidirectional shocks of 0.2 sec duration, and the interspac- 
ing of trials with a reduced CS-US interval. The stepwise 
introduction of these and other operations in the course of 
successive phases of acquisition succeeded in gradually im- 
proving the differential control of responses by the ESB (Fig. 
1). 

A first finding described here is that the new procedure 
effectively established strong stimulus control of responding 
by ESB in all of the nine rats that were used. As a grand 
average, the likelihood that a response to ESB occurred was 
107 times greater than that of responses occurring in the 
absence of ESB; this relative response density compares fa- 
vorably with literature data [11]. The main effect of discrimi- 
nation training is to increase the extent to which behavior is 
controlled by the specific sensory properties of the stimuli 
used in training [25]. The purpose of establishing strong 
stimulus control of responding by ESB, therefore, is to make 
possible an analysis of the specific perceptual properties and 
informational characteristics of the stimulation, as opposed 
to its many non-specific effects, e.g., on arousal. Indeed, 
many conflicting data on stimulus generalization involving 
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ESB may be the result of differences in the strength of 
stimulus control; apparently spurious generalization to other 
central and peripheral stimuli is often obtained under condi- 
tions of weak stimulus control, whereas stimulus generaliza- 
tion is far more conservative when stimulus control is strong 
[11]. 

The stimulus generalization experiments reported here 
indicate that the discriminative properties of electrical stimu- 
lation in the medial forebrain bundle in the rat co-vary with 
changes in pulse frequency (F), current intensity (1), pulse 
duration (PD), and train duration with pulses being spaced 
by 10 (TD-10 msec) or 20 msec (TD-20 msec). This result is 
generally consistent with earlier findings that these param- 
eters of ESB codetermine its effectiveness in eliciting un- 
conditioned responses [1], in supporting self-stimulation 
[13,14], or in serving as a CS signaling floor shock [3]. Sev- 
eral features of the present data may serve to characterize 
the parametrical effects of ESB when applied as a CS. First, 
of the 25 experiments on the effects of F, I, PD and TD-20 
msec, 24 yielded data points that could be fitted by linear 
functions in log-linear coordinates. The practical advantage 
of linear approximation is that it allows one to exhaustively 
describe the gradient by two numerals which specify the 
gradient’s slope and its position along the abscissa. Accord- 
ing to this linear analysis, marked differences in both slope 
and sensitivity appeared to emerge both among subjects and 
between different parameters. Differences in slope among 
subjects were particularly prominent with TD-10 msec (Fig. 
6), less so with F (Fig. 2), and were surprisingly small with I 
(Fig. 4). With TD-10 msec, differences in sensitivity were 
also much larger than those with either F or I. Thus, of these 
three parameters, the effect of I is the best reproducible 
whereas that of TD-10 msec clearly is the least reliable. The 
effect of I also was relatively steep; the F effect has a similar 
slope, but that of TD-10 msec was considerably shallower. 
Unlike that of F, I, and TD-10 msec, the effect of PD could 
not be fitted by a single linear function in log-linear coordi- 
nates, but a set of two lines did provide an adequate fit (Fig. 
5). The PD effect thus consisted of an initial shallow rise to 
about 16% of effect, followed by a far steeper rise to 100%. 
The two functions intersected within a remarkably narrow 
range of PD-values, the average being 36.3 wsec (SEM: 1.2). 
The reason for this biphasic increment is unclear. However, 
notwithstanding interindividual differences in resistance, the 
rise time of 400 A pulses in the present experiments was 
about 40 usec, so that the applied voltage kept on increasing 
during this initial fraction of the pulse. It is thus possible that 
accommodation [10] was in part overcome during the first 40 
sec, but not during the remaining flat part, of the pulse. 

Second, the charge analysis reveals that the I gradient 
also is the least inclusive, whereas manipulations of F, PD 
and TD-20 msec engendered generalization at lower charges. 
In view of the relation between slope, inclusiveness of gen- 
eralization, and specificity [15,24], this observation may 
suggest that varying current intensity offers the most specific 
and least inclusive means of manipulating the perceptual di- 
mension along which the ESB was being discriminated. This 
suggestion does not detract from the fact that the temporal 
patterning of pulses to a great extent determined the effec- 
tiveness of the total charge that is being administered [1]. 
Perhaps the most compelling evidence of the effect of tem- 
poral patterning in the present data is that the effect of 41 
pulses varied from 0 to 26 or 73% depending on whether the 
pulses were spaced by 25, 20, or 10 msec (Fig. 7). Note, 
however, that these three conditions differed not only in the 
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spacing of pulses, but were also administered as pulse trains 
of different length. A third feature of the present data is that 
response latencies after test stimulations were often aber- 
rant. It has been reported [7] that, under similar conditions, 
some correlation may exist between avoidance rate and re- 
sponse speed. In the present experiments, however, atypi- 
cally long (S59 pps F; 0.08 msec PD), but also atypically short 
(0.7 sec TD-10 msec) latencies occurred to test stimulations 
which nonetheless yielded an avoidance rate of about 100% 
(Fig. 3). Thus, at these test values, response rate, but not 
response latency, was equivalent to that of the CS. Also, the 
latency of responses to values of TD-20 msec greater than | 
sec grew longer than control, despite the fact that the mean 
avoidance rate increased. Since latencies of responses to the 
CS were often distributed bimodally, these differences in test 
latencies may reflect differential proportions of fast and slow 
responses in the test data. The reasons for the occurrence of 
these two general types of responses are unclear, but the TD 
test data suggest that at least one significant variable here 
may be the disruptive effect that the ESB itself may have on 
the response. It must be concluded, therefore, that 
avoidance rate may be a less than perfectly unambiguous 
measure of stimulus generalization in the present conditions. 
Since it is impossible at this stage to validate any weighing of 
the different latencies, no single index of equivalence is at 
hand which would combine the rate and the latency data. 

One outcome of the present experiments is_ that 
logarithmic rather than power functions provide an adequate 
fit of the effects of F, I, PD, and PD-10 msec. Several 
possibilities are open to account for the failure of the present 
data to accommodate the psychophysical power law. First, 
electrical stimulation of brain tissue bypasses the peripheral 
sensory mechanisms involved in establishing the sensory ef- 
fect of external stimuli. Transducer processes at the level of 
the receptor may account for at least part of the nonlinearity 
in the coupling between stimulus and sensation [19], so that 
the effects of excitation at a level beyond peripheral recep- 
tors need not obey psychophysical law. Second, while 
psychophysical functions typically cover large ranges of en- 
ergy and do not saturate, the detection method used here 
appears to strictly limit the range being considered and to 
cause considerable response saturation. The present gra- 
dients may thus be viewed as another demonstration of the 
psychophysical function being a conjoint property of both 
the sensory signal itself and the method-dependent analysis 
of this signal [27]. Third, and perhaps most significantly, the 
present gradients are probabilitic functions relating the 
occurrence of responses to parameters of ESB, and cannot 
simply be taken to represent psycho-physical functions relat- 
ing the magnitude of sensory effect to these parameters. In 
over 80% of the hundreds of sessions that were run on F, I, 
PD, and TD-10 msec, no failure to respond occurred at any 
parameter value higher than the lowest one at which a re- 
sponse was elicited. Within a given session, the animal ap- 
peared to respond according to some apparent threshold 
value, but the threshold changed in either direction from 
session to session. The slope of an individual gradient there- 
fore almost exclusively reflects session-to-session variability 
of the threshold, and does not simply represent the growth of 
the sensory effect. Indeed, the dependent variable here is a 
variate that can take the value 0 to 1 only, and cannot allow 
for graded increments. 

How then does ESB elicit avoidance responses through 
its presumed sensory effects? A similar variability has been 
observed earlier [4,5] in another binary response discrimina- 
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FIG. 9. General framework describing the possible relation between 
the psychophysical power law and the straight log-linear functions 
obtained here in stimulus generalization experiments. Section A: A 
CS of physical intensity t produces a sensory effect t’; the relation 
between the physical variable @ along which the CS is manipulated 
and the magnitude of sensory effect w is assumed to be a power 
function in accordance with psychophysical theory. Section B: A 
decision process determines whether current sensory input reaches 
some criterion level of effect. This criterion is variable in time, and 
its frequency distribution is generally bell shaped. Section C: A test 
stimulus lower than t yields responding if its sensory effect exceeds 
criterion. The percentage of repeated tests in which a response oc- 
curs thus depends on the criterion’s distribution, so that the per- 
centage of responses elicited by test stimuli of increasing intensity is 
the cumulative of this distribution. 


tion procedure. The variability of apparent threshold there 
was considered to reflect variability in the criterion for the 
decision process that is commonly thought [12,26] to be 
operative in any sensory discrimination. The framework de- 
veloped in these studies accepts that the relation between the 
physical variable # and its relevant sensory effect w (Fig. 9) 
can be described by a power function. The yes/no decision 
process requires some criterion level of sensory effect; this 
criterion level is not strictly stable, but may vary in either 
direction through time, and its frequency distribution may 
generally be bell shaped. The theoretical response 
probability thus generated is the cumulative of this distribu- 
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tion; the cumulative distribution is sigmoid in log-linear 
coordinates, but the departure from linearity is limited, and 
may not always become apparent. For example, the present 
analyses typically bear on sets of only three data points 
(Figs. 2, 4-6); interpolating three ‘‘empirical’’ data points 
along the theoretical curve reveals (Fig. 9, section C) that the 
most parsimonious fit is a linear function, as was found in 24 
of the 25 data sets considered here. 

Several implications of this framework are of interest to 
the present data. (1) It accounts for the empirical finding 
that, for all practical purposes, the apparent relation between 
ESB’s physical magnitude and the probability that it elicits a 
response, can often best be approximated by a logarithmic 
function. (2) It accounts for the remarkable compression of 
wide ranges of energy to the 0 and 100% levels of effect (Fig. 
7). (3) It implies that the data generated by the present pro- 
cedure are not amenable to a Signal Detection Theory 
analysis. This theory assumes that, within the conditions of 
the experiment, criterion is essentially stable [9]; errors re- 
sult from extreme sensory effects of noise and signal, rather 
than from extreme positions of the criterion. Finally, (4) it 
allows to specify that the parameter effects found here need 
not be universally valid for all discriminative or other effects 
of ESB. This is of particular relevance to TD-20 msec which 
produced highly heterogeneous effects. The power law need 
only apply to those manipulations which act to vary the 
stimulation’s effect along the relevant sensory dimension, 
and may not hold for those manipulations whose sensory 
effects are unspecific to the dimension addressed by the CS. 
Thus, with reference to the CS used here, the relation be- 
tween TD-20 msec and its sensory effect may indeed be bell 
shaped. This would explain why responding to this param- 
eter was nearly linear, or saturated at less than 100%, or was 
in fact bell shaped (Fig. 6); such seeming heterogeneity is to 
be expected if the central criterion position along the w axis 
differs among animals. The latter interpretation is elegantly 
supported by the finding that the maximal TD-20 msec effect 
correlated (r,=—0.95) highly with sensitivity to the effect of 
TD-10 msec, and by the fact that the latter also correlated 
with the orderly progression from near linearity to bell 
shaped curves of the TD-20 msec effect (Fig. 6). 

In conclusion, the procedure described here established a 
relatively strong stimulus control of avoidance responding 
by ESB in the rat. Parametric studies using this procedure 
revealed that the stimulus properties of ESB co-vary with 
changes in pulse frequency, current intensity, pulse dura- 
tion, and train duration. The vast majority of the individual 
gradients so obtained could be fitted by linear functions in 
log-linear coordinates. The analytical simplicity of linear ap- 
proximation allowed to identify quantitative differences 
among the gradients produced by the different stimulation 
parameters. A descriptive framework was finally developed 
to specify the relation between the stimulation’s physical 
magnitude and the magnitude of responding it produced in 
the present procedure. It is concluded that this procedure 
along with the methods of data analysis presented here, may 
be useful in analyzing the perceptual properties and infor- 
mational characteristics of brain stimulation. 
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ENNS, M. P., J. WECKER AND J. A. GRINKER. /nterrelationships among activity, food intake and weight gain in 
genetically obese and lean Zucker rats. PHYSIOL. BEHAV. 28(6) 1059-1064, 1982.—In Experiment 1, food deprivation 
resulting in a 30% reduction in body weight produced significant increases in wheel running in both obese and lean female 
Zucker rats. In Experiment 2, a new technique, food contingent activity (FR, VI), dramatically increased wheel running in 
both obese and lean female Zucker rats. This increase in activity was achieved primarily during the dark period. Regardless 
of changes in activity levels, food intake and body weight gain remained similar to controls. When food was again available 
ad lib, activity levels rapidly decreased for obese but not lean rats. These results indicate that behavioral interventions 
alone are not sufficient to correct the obesity of the genetically obese rat. 


Zucker rats Obesity Activity Food intake 





THE obesity of the genetically obese Zucker rat is associ- 
ated with both metabolic alterations and behavioral manifes- 
tations, e.g., overeating and underactivity [8, 15, 21, 22]. 
Obese Zucker rats, pair-fed throughout life with lean rats fed 
ad lib have heavier depots than the lean rats and a greater 
percentage body fatness than obese rats fed ad lib [8]. Thus, 
in this model, overeating itself is not necessary for the devel- 
opment or maintenance of obesity. An examination of the 
ontogeny of spontaneous activity and overeating of the 
obese Zucker rat has shown that while hypoactivity does not 
begin until weaning, significant differences in solid food in- 
take and body weight occur several days earlier. Therefore, 
it is unlikely that hypoactivity is a precipitating event in the 
obesity [22]. 

It is possible that severe food restriction, resulting in de- 
creased body fatness, will result in increased levels of activ- 
ity. It is also possible that increased levels of activity could 
decrease the propensity to obesity. The present experiments 
examined in detail the association between hypoactivity and 
hyperphagia in the developing obese rat. The first experi- 
ment examined whether total food deprivation, with a con- 
sequent reduction in body fatness could dramatically change 
the level of energy expenditure. The second experiment 
examined whether experimentally induced increases in ac- 





tivity levels could decrease the propensity to obesity and 
hyperphagia. 


EXPERIMENT | 


Normal-weight rats invariably increase wheel running fol- 
lowing food deprivation ({23,24] and see [2]), with the 
number of wheel revolutions increasing with the severity of 
weight loss resulting from deprivation [9]. In Experiment | 
the wheel running of obese and lean Zucker rats was exam- 
ined following extended periods of total starvation. 


METHOD 
Subjects 


The subjects were seven obese (fa/fa) and eight lean (Fa/-) 
female Zucker rats obtained from the Harriet Bird Memorial 
Laboratory. The rats were six months old at the beginning of 
testing. The mean body weights of the obese and lean rats 
were 534(19)g and 265(5)g, respectively. Values indicate the 
mean (+ standard error of the mean). 


Procedure 


All rats were individually housed in Wahmann Activity 
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wheels (LC-34) and cages in a room equipped with overhead 
light. The rats were given seven days of adaptation to the 
wheels and cages, with food and water available ad lib. Fol- 
lowing the adaptation period all food was removed and water 
was available ad lib. Obese rats were starved for 14 days and 
lean rats for seven days to equate the percentage of weight 
loss. Testing was carried out under a constant level of illumi- 
nation in a temperature controlled room (22°C +2°C). The 
total number of wheel revolutions was recorded every 24 
hours throughout the experiment. Because of the high degree 
of group variability the data were analyzed after logarithmic 
transformations. All activity data are antilogs of the mean 
[25]. 


RESULTS 


Percentage weight loss during the first 24 hours of total 
starvation was 6.0% (0.5) for obese and 6.7% (0.2) for lean 
rats. After 14 days of starvation, obese rats showed a 29.0% 
(0.9) reduction in body weight. After seven days of starva- 
tion, lean rats showed a 28.9% (1.0) reduction in body 
weight. 

Prior to starvation, daily wheel revolutions averaged only 
78.4 (18.4) for the obese rats and 1009.9 (131.6) for the lean 
rats. As body weight decreased, all rats increased daily 
wheel running with six obese and six of eight lean rats show- 
ing an increase in running during the first 24 hours. 

On the last day of starvation (day 14 for obese, 7 for lean) 
obese rats ran 722.4 (302.7) revolutions while the lean rats 
ran 5032.7 (1170.8) revolutions. Lean rats continued to show 
higher rates of activity, but both obese and lean rats in- 
creased activity levels proportionately. Anova—genotype: 
F(1,13)=46.0, p<0.01; conditions (adaptation vs last day of 
deprivation): F(1,13)=36.4, p<0.01; genotype x conditions: 
F(1,13)=0.94, n.s. (See Figure 1). 


DISCUSSION 


Since running increased within the first 24 hours of food 
deprivation these results indicate that the activity levels of 
obese as well as of lean Zucker rats are sensitive to changes 
in the availability of food and associated metabolic changes. 
A 30% change in body weight produced even greater 
amounts of activity in obese and lean rats. After 14 days of 
starvation, the obese rats exhibited a nine-fold increase in 
activity levels. Nevertheless, the level of activity failed to 
reach the initial level of lean rats. 


EXPERIMENT 2 


The second experiment used a technique of contingent 
reinforcement rather than extended food restriction to in- 
crease levels of activity. This experiment examined whether 
obese rats could maintain food intake and body weight by 
increasing ‘‘spontaneous’’ wheel running. If a highly pre- 
ferred behavior is made contingent on a less preferred behav- 
ior, there is an increase in the occurrence of the less pre- 
ferred behavior [20]. Therefore, in Experiment 2, the avail- 
ability of food was made contingent on running in an activity 
wheel. This experiment also examined changes in running 
with changes in reinforcement schedules, and the circadian 
distribution of running and feeding. 

Both fixed ratio (FR) and variable interval (VI) schedules 
were used. FR schedules producing rapid rates of responding 
were used to maximize the entrainment of a running re- 
sponse in the obese rats. VI schedules produce steady rates 
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FIG. 1. Mean (SEM) 24-hr. wheel revolutions (log) as a function of 
changes in body weight after food deprivation for obese (fa/fa) and 
lean (Fa/-) female Zucker rats. 


of responding which are slower than the rates on FR 
schedules. Therefore, VI schedules were used to normalize 
differences in activity between obese and lean rats and to 
maximize the probability of the obese rats obtaining food. 


METHOD 
Subjects 


The subjects were eight obese (fa/fa) and eight lean (Fa/-) 
experimentally naive female Zucker rats obtained from the 
Biology Department at Vassar College. Throughout the ex- 
periment the animals were individually housed in Wahmann 
activity wheels (LC-34) and cages. Water was available ad 
lib. The rats were 45-60 days old at the beginning of testing. 
At the start of the experiment, the mean body weights of the 
obese and lean rats were 116(12)g and 105(11)g, respectively. 


Apparatus 


Six activity wheels were modified so that a complete 
revolution of the wheels activated a food delivery mech- 
anism. Two magnetic Reed relays separated by 180 degrees 
were placed on the metal frame approximately one-half inch 
from the wheel. Each relay closed when a light weight mag- 
net attached to the periphery of the wheel passed in front of 
it. Closure of the relay activated electromagnetic equipment 
located in an adjacent room. It was necessary to close both 
relays to record a revolution. 

The cages were modified by attaching a BCI food cup to 
an exterior wall and a Ralph Gerbrands 45 mg pellet dis- 
penser to this cup. A 45 mg Noyes pellet could be delivered 
by the closure of the relays attached to the frame of the 
activity wheels (experimental groups) or by the closure of 
the relay attached to a hinged baffle on the food cup (control 
groups). The wheels were separated by sound-attenuating 
partitions in a temperature controlled room (22°C +2°C) 
maintained on a 12/12 light/dark cycle. All measurements 
were taken at the end of the light cycle (4:00-5:00 p.m.). 


Procedure 


Prior to testing, both obese and lean rats were assigned to 
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experimental or control groups: obese experimental (n=5), 
obese control (n=3), lean experimental (n=5), and lean con- 
trol (n=3). Six rats (two experimental and one control from 
each genotype) were tested simultaneously for a 15 week 
period. This 15 week period was divided into five distinct 
parts during which the experimental rats received a sequen- 
tial series of food-contingent and non-contingent running 
schedules. The experimental rats were first examined on FR 
schedules (weeks 1-4). Next, the rats were examined when 
food was no longer contingent on running (weeks 5-8). The 
rats were subsequently examined on VI schedules (weeks 
9-10) and on FR schedules which varied the energy cost of 
food procurement (weeks 11-13). Finally, the rats were re- 
examined when food was no longer contingent on running 
(weeks 14-15). Control rats always received ad lib access to 
food (45 mg Noyes pellets or Charles River Rat Chow) and 
access to running wheels (i.e., access to food was never 
contingent on running schedules). 

Wheel revolutions were recorded daily over the entire 
period and were analyzed after logarithmic transformations. 
All activity data are antilogs of the mean. Food intake (cor- 
rected for spillage) and body weights were recorded daily 
during weeks 1-4, and weeks 9-13 and after two day inter- 
vals during weeks 5-8 and weeks 14-15. 

During training in weeks 1-4, the experimental rats were 
first placed on a FR-1 schedule, then a FR-2 schedule (4-6 
days), and finally on a FR-6 schedule (20 days). In weeks 
5-8, all rats were given ad lib access to Charles River Rat 
Chow, i.e., running and feeding were independent for both 
experimental and control rats. In weeks 9-10 the experi- 
mental rats were placed on a VI-one minute schedule. Dur- 
ing the last five days of this period, wheel revolutions and 
food intake were recorded separately at the end of the 12- 
hour light and dark phases. In weeks | 1-13, the experimental 
rats received increasingly demanding FR schedules which 
simultaneously varied the number of required revolutions 
and the amount of available food: the experimental rats re- 
ceived a FR-6 schedule (7 days), then a FR 12-2 schedule 
(every 12 revolutions were rewarded with 2 food pellets) (7 
days) and finally a FR-24-4 schedule (every 24 revolutions 
were rewarded with 4 food pellets) (S days). In weeks 14-15 
as in weeks 5-8 the experimental and control rats were given 
ad lib access to Charles River Rat Chow. 


RESULTS 
Activity 

FR (weeks 1-4). By the second day of FR training it was 
clear that the obese experimental rats would increase activ- 
ity levels to obtain food. The frequency of running increased 
with training for all obese experimental rats. By the fourth 
week of training these rats averaged 3142 (469) revolu- 
tions/day. In contrast, the frequency of running by all obese 
control rats decreased during the first two weeks of testing 
and by the fourth week had stabilized at 100-350 revolu- 
tions/day (see Fig. 2A). 

Both the lean experimental and control rats increased ac- 
tivity levels during the FR training period. However, lean 
experimentals ran significantly more revolutions (7601 
(2165)) than the lean control rats (4012 (1789)) during the 
fourth week of FR training. The activity level of the lean rats 
remained significantly greater than the level of the obese 
rats. Anova—week 4: genotype: F(1,12)=15.29, p<0.01; 
conditions (experimental vs _ control): F(1,12)=11.24. 
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FIG. 2. Mean (SEM) 24-hr. wheel revolutions (log) as a function of 
changes in food contingent schedules of reinforcement (A=FR-6; 
B=ad lib; C=VI-1 min; D=FR-6, 12:2, 24:4; E=ad lib) for obese 
(fa/fa) and lean (Fa/-) female Zucker rats over 15 weeks of testing. 


p<0.01; genotype x conditions: F(1,12)=0.59, n.s. (See Fig. 
2A.) 

Ad lib (weeks 5-8). All obese experimental rats im- 
mediately decreased wheel revolutions by at least 1650 revo- 
lutions a day when allowed ad lib access to food (week 5) 
(see Fig. 2B). During this 4-week period, there were no sig- 
nificant differences in the frequency of running between 
obese experimental and control rats. The pattern of activity 
by the obese experimental rats, however, was not consis- 
tent: two of the rats continued to decrease the frequency of 
running to the level of the obese controls while three of the 
rats increased the frequency of running during weeks 6-8. In 
contrast, all lean experimental rats not only maintained the 
high frequency of running following the change from food 
contingent to ad lib access to food, but actually increased the 
frequency of running (daily average, lean experimentals: 
13,638 (1326); lean controls: 5892 (1602)). Anova—lean rats: 
conditions (experimental vs control): F(1,6)=9.74, p<0.05, 
weeks: F(3,18)=4.36, p<0.05; conditions Xx weeks: 
F(3,18)=0.51, n.s. (See Fig. 2B.) 

VI (weeks 9-10). When food availability was again contin- 
gent on running, the frequency of running by each obese 
experimental rat increased to the level previously obtained 
during FR training. The frequency of running by the lean 
experimental rats, however, was not appreciably altered by 
the reinstatement of the food contingent schedule. Anova— 
genotype: F(1,11)=51.82, p<0.01; conditions (experimental 
vs control): F(1,11)=37.34, p<0.01; weeks: F(1,11)=8.04, 
p<0.05; genotype x conditions: F(1,11)=7.68, p<0.05. (See 
Fig. 2C.) 

FR 6:1, 12:2, 24:4 (weeks 11-13). The sequential changes 
in reinforcement schedules from VI: | min to FR-6 did not 
alter the activity levels of the obese experimental rats but 
substantially reduced the activity levels of lean experimental 
rats to the level of lean controls (see Fig. 2D). The levels of 
activity for obese and lean experimental rats remained con- 
stant with the additional changes in FR schedules (FR-6, 
FR-12:2,  FR-24:4). Anova—genotype: F(1,10)=121.3, 
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p<0.01; conditions (experimental vs control): F(1,10)=66.2, 
p<0.01; genotype x conditions: F(1,10)=42.0, p<0.01. (See 
Fig. 2D.) 

Ad lib (weeks 14-15). When food was again available ad 
lib, each of the obese experimental rats reduced the fre- 
quency of running by at least 1200 revolutions a day: two 
decreased activity to the level of control rats (100-300 revo- 
lutions a day) while two continued to run over 1600 revolu- 
tions a day. The lean experimental rats again ran more revo- 
lutions a day than lean controls. Anova—lean rats: condi- 
tions (experimental vs control): F(1,5)=23.82, p<0.01. (See 
Fig. 2E.) 


Food Intake 


FR (weeks 1-4). The schedule-induced activity of both 
obese and lean rats enabled these rats to obtain adequate 
food. There were no significant differences in food intake 
between the experimental and control rats or the obese and 
lean rats. All rats increased food intake across weeks. 
Anova—weeks: F(3,33)=21.45, p<0.01. (See Fig. 3A.) The 
procurement of food and activity was directly related for the 
obese but not the lean experimental rats: i.e., all obese ex- 
perimental rats consumed all 45 mg Noyes pellets earned, 
but lean experimental rats consumed fewer pellets than they 
actually earned. For example, in week 4 the mean daily food 
pellets obtained and consumed by obese experimentals was 
457 while the lean experimentals obtained 1267 but con- 
sumed only 496. 

Ad lib (weeks 5-8). The food intake of obese and lean 
experimental rats was not significantly greater during this 
four-week period than the food intake of obese and lean 
controls. There were no significant differences in food intake 
between obese and lean rats. All rats increased food intake 
across weeks. Anova—weeks: F(3,36)=15.93, p<0.01. (See 
Fig. 3B.) 

VI (weeks 9-10). With the VI schedule neither the obese 
nor lean experimental rats were successful in spacing re- 
sponses and thus obtaining maximal numbers of pellets for 
the least amount of work. In week 9 both experimental 
groups ran as many revolutions as in week 4 (FR-6) (See Fig. 
2C) but did not obtain as many food pellets as appropriate 
controls (food pellets, obese experimental =364 (35): obese 
control=491 (71): lean experimental=334 (20): lean con- 
trol=418 (29)). Anova—food intake: conditions (experimental 
vs control): F(1,11)=5.11, p<0.05; weeks F(1,11)=24.65, 
p<0.01; conditions x weeks: F(1,11)=5.75, p<0.05. (See 
Fig. 3C.) In week 10, the procurement of food increased, but 
the increase was associated with an increase in frequency of 
running (see Fig. 2C) rather than a more efficient spacing of 
responses. 

FR 6:1, 12:2, 24:4 (weeks 12-13). There were no signifi- 
cant differences in food intake between the experimental and 
control rats or the obese and lean rats (see Fig. 3D.) 

Ad lib (weeks 14-15). The obese rats ate significantly 
more food than the lean rats during this two week period. 
Food intake, genotype: F(1,10)=6.06, p<0.05. (See Fig. 3E.) 
There were no significant differences in food intake between 
experimentals and controls. 


Body Weight 


The body weights of both obese and lean experimental 
rats were not changed from control weights by the differen- 
tial frequencies of wheel running (see Fig. 4). The weight 
gains during the FR training (weeks 1-4) and the ad lib feed- 
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FIG. 3. Mean (SEM) 24-hr. food intake (g) as a function of changes 
in food contingent schedules of reinforcement (A=FR-6; B=ad lib; 
C=VI-1 min; D=FR-6, 12:2, 24:4; E=ad lib) for obese (fa/fa) and 
lean (Fa/-) female Zucker rats over 15 weeks of testing. 
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FIG. 4. Mean (SEM) weight gain (g) as a function of changes in food 
contingent schedules of reinforcement (A=FR-6; B=ad lib; C=VI-1 
min; D=FR-6, 12:2, 24:4; E=ad lib) for obese (fa/fa) and lean (Fa/-) 
female Zucker rats over 15 weeks of testing. 


ing (weeks 5-8) were nearly identical for the experimental 
and control rats. The reduction in food intake by the experi- 
mental rats (week 9) resulted in a pronounced weight loss 
(mean weight loss: obese=19.1 g (2.9); lean=21.3 g (4.3)), 
while the subsequent increased food intake permitted these 
rats to regain the lost weight. Thus, at the termination of the 
study the body weights of the experimental and control 
obese rats were identical as were the body weights of the 
experimental and control lean rats: week 15, conditions (ex- 
perimental vs control): F(1,10)=0.01, n.s. (See Fig. 4E.) 
Across the 15 week period, the obese rats gained signifi- 
cantly more weight than the lean rats. Anova—week 15: 
genotype: F(1,10)=37.0, p<0.01. The difference in weight 
gain appeared during the initial FR training (weeks 1-4) and 
increased throughout the study. 


Circadian Distributions of Activity and Food Intake 


The circadian distributions of wheel running and feeding 
were examined during the VI training (week 10). All rats had 
higher activity levels during the dark than during the light. 
Although the mean daily wheel revolutions varied greatly 





ACTIVITY, WEIGHT GAIN AND GENETIC OBESITY 


(see Table 1A) the percentage of wheel revolutions run in the 
dark was constant across groups (percentage wheel revolu- 
tions in the dark: obese experimental=88.0 (2.1); obese con- 
trol=81.3 (5.0); lean experimental=92.8 (1.6); lean con- 
trol=88.3 (5.9)). 

Obese and lean rats ate more food during the dark than 
during the light (see Table 1B). The distribution of eating, 
however, was related to the schedule of induced running: 
experimental rats ate a greater proportion of their food in the 
dark than did controls. This difference was most pronounced 
for obese rats (percentage food intake in the dark: obese 
experimental =84.7 (1.4); obese control=60.0 (6.2); lean ex- 
perimental=82.6 (2.7); lean control=75.7 (1.7)). Anova— 
percent food intake—dark: conditions (experimental vs con- 
trol): F(1,11)=24.8, p<0.01; genotype x conditions: 
F(1,11)=7.34, p<0.05. Thus, obese experimental rats in- 
creased activity during the dark period to a level sufficient to 
obtain as much food in the dark as obese controls. The ac- 
tivity levels in the light, however, were not sufficient for the 
obese experiments to obtain as much food as obese controls 
(t=3.83, p<0.05, see Table 1B). 


GENERAL DISCUSSION 


These results demonstrate a successful technique for in- 
creasing the activity levels of obese Zucker rats. With the 
various schedules of reinforcement (weeks 1-4; weeks 9-13), 
the obese rats ran approximately 10 times as many revolu- 
tions per day as obese controls without significantly reducing 
food intake. These data indicate that over the 24 hours food 
intake requirements will be maintained even though hypoac- 
tivity must be relinquished. In addition, the induced running 
resulted in an increase in spontaneous activity (weeks 5-8; 
weeks 14-15) for all of the lean experimental rats. The ele- 
vated activity levels, however, did not change the rate of 
weight gain. Thus, with the genetically obese rat, as with the 
lean rat, variations in activity levels do not alter the ratio of 
weight gain/food consumption [9, 10, 11]. Successful at- 
tempts to reduce the rate of weight gain through exercise 
regimens require manipulations which increase activity 
levels to those which are substantially greater than those 
observed with spontaneously active lean rats. The relation- 
ship between activity and food intake is affected by the in- 
tensity of the exercise, whether the exercise is spontaneous 
or forced, as well as the sex of the animal and initial body 
weights of the animals [13, 17, 18, 19]. 

The FR and VI schedules favor different behaviors to 
obtain maximal food. With FR schedules a higher absolute 
number of responses results in a greater number of food 
pellets. In contrast, with a VI schedule, the spacing of re- 
sponses is critical in obtaining the greatest number of pellets. 
Thus, spontaneously active lean rats were able to obtain 
more food than they consumed in FR training. Although both 
obese and lean rats failed to space activity across the 24 
hours, or to reduce the frequency of responding to receive 
maximal food for each response, the less active obese rats 
were actually more efficient in obtaining food in VI training. 

Circadian activity patterns were present in the spontane- 
ously active control obese rats, remained unchanged in spite 
of elevated levels of running by the obese experimental rats, 
and were equivalent to the patterns of the lean rats. Since 
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MEAN (SEM) WHEEL REVOLUTIONS AND FOOD INTAKE DURING 
THE 12-HOUR LIGHT AND DARK PERIODS 
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A. Wheel Revolutions (antilog) 


198.1 (48.1) 
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14.9 (1.0) 
14.5 (2.3) 


Cont. 4.9 (1.1) 


Lean Exp 3.8 (1.6) 





induced activity failed to change the temporal distribution in 
either obese or lean experimental rats, the circadian feeding 
patterns were markedly altered for obese and slightly altered 
for lean rats (see Table 1B). The maintenance of this strict 
temporal distribution of activity resulted in a significantly 
lower food intake by the obese experimental rats than the 
obese control rats during the light period. If these rats had 
run during the 12-hour light period rather than remaining 
hypoactive they would have obtained as much food as obese 
controls. 

Although the obese and lean rats ate similar amounts ot 
food, during the 15 weeks of testing weight gain was signifi- 
cantly greater for the obese rats. These results are in agree- 
ment with previous reports which suggest that hyperphagia 
is not critical to the enhanced weight gain or increased body 
fatness in genetically obese rodents [1, 5, 7, 8, 12, 21, 26]. 

Clearly large increases in activity levels by themselves 
are not sufficient to produce decreases in body weight or 
body fatness in the genetically obese rat. These data further 
suggest that the excess fatness of the genetically obese rat is 
maintained in the face of a variety of challenges and that 
behavioral interventions alone are not sufficient to correct 
this abnormality. 

The relationship between body composition and activity 
in other animal models, however, can be exceedingly com- 
plex. For example, in certain species (hamsters and gerbils) 
high levels of voluntary exercise can actually increase the 
rate of body weight gain [4]. Large lesions in both the medial 
and lateral hypothalamus of the rat are associated with 
hypoactivity [14], while lesions in the dorsomedial hypotha- 
lamic nuclei of the rat are associated with both hypoactivity 
and hypophagia [3]. In contrast, lesions in the ventromedial 
area of the hypothalamus of the rat traditionally produce 
hypoactivity, hyperphagia and obesity [6,16]. Thus, caution 
must be exercised in drawing conclusions from any one ro- 
dent model of obesity. 
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JAKINOVICH, W., JR. Taste aversion to sugars by the gerbil. PHYSIOL. BEHAV. 28(6) 1065-1071, 1982.—Some con- 
ditioned taste aversion experiments were undertaken to determine how the gerbil responds to disaccharides, monosac- 
charides and polyols. We observed the following: animals taught an aversion to 0.1 M sucrose generalized the avoidance to 
most sugars, the exception being galactitol; animals taught to avoid 0.01 M hydrochloric acid generalized the avoidance 
towards lactose, cellobiose, maltitol, methyl a-p-galactopyranoside, methyl a-D-mannopyranoside, methyl £- 
D-glucopyranoside, and glycerol; animals taught to avoid 0.001 M quinine-HC! generalized the avoidance towards methy! 
a-D-glucopyranoside, methyl B-pb-glucopyranoside, glycerol, ethylene glycol and erythritol. In no case did animals taught 
to avoid 0.1 M sodium chloride avoid any of the sugars. Moreover, it was observed that the gerbil’s behavior with most 
reducing sugars was different than with equivalent methyl glycosides. For example, animals that were taught to avoid 
sucrose generalized the avoidance towards reducing sugars, such as, D-galactose, D-glucose, and p-mannose. However, 
the methyi glycosides, such as methyl a-p-glucopyranoside, methyl 8-p-glucopyranoside, methyl a-p-galactopyranoside 
and methyl a-D-mannopyranoside, in addition to being avoided by animals taught to avoid sucrose, were also avoided by 
animals taught to avoid quinine-HCI or hydrochloric acid. In addition, we have observed that the control animals consumed 
differing amounts of sugars and have concluded, therefore, that the sugars were not equally pleasant despite our attempt to 


use concentrations which produced equally intense neural responses in the gerbil’s chorda tympani nerve. 


Gerbil Behavior Taste aversion Sugars 





PREVIOUS behavioral and electrophysiological taste exper- 
iments with the Mongolian gerbil using artificial sweeteners 
indicated that some of these substances were not avoided by 
animals taught an aversion to sucrose [12]. These results 
indicate that we cannot assume that sugars, which for the 
most part are sweet to man, are actually ‘“‘sweet’’ to the 
gerbil even though they stimulate the animal’s taste nerve 
{11, 13, 15]. Therefore, the objective of this work was to 
obtain behavioral responses of the Mongolian gerbil to var- 
ious sugars using the conditioned taste aversion technique. 
Then we attempted to use these results to help us understand 
the mechanism of sweet taste reception. 

One of the currently accepted theoretical mechanisms for 
sweet taste reception is Shallenberger and Acree’s ‘‘AH,B”’ 
Theory [22]. According to this theory, a molecule will taste 
sweet if it possesses the ‘‘AH,B”’ system. This system con- 
sists of two electronegative atoms, A and B, separated by a 
distance of 2.5A to 4A. The H is a hydrogen atom attached to 
the electronegative atom by a covalent bond. The A and B 
are usually either an oxygen or nitrogen atom but can be a 
carbon, chlorine or center of unsaturation. There must be a 
receptor site with a complementary *‘AH,B’’ system such as 
a peptide bond, or the amino group of glutamine or as- 
paragine. In sucrose, the ‘‘AH,B”’ could be almost any vici- 
nal hydroxyl group but the C; and C, hydroxyl groups have 
been designated as the primary *‘AH,B”’ groups [4]. In sac- 
charin, the amide group is the ‘“‘AH”’ and one of the sulfury! 
oxygen groups is the ‘‘B.’’ The receptor sites are thought to 
be located in the proteins which are found in the membranes 
of the taste receptor cells. 

However, the theory, which is elegantly simple, did not 
account for the taste responses to some artificial sweeteners 


in gerbils. As previously stated, we cannot assume that 
sugars even though they stimulate the gerbil’s taste nerve, 
actually taste like sucrose. This point is important because 
electrophysiological experiments with the gerbil’s chorda 
tympani nerve using sugars have resulted in a sucrose recep- 
tor site model [11, 13, 15]. Support for the existence of this 
sucrose receptor site could be obtained from behavioral ex- 
periments if gerbils taught to avoid sucrose generalized the 
avoidance to all other sugars. In particular, sugars which 
have structural features in common with sucrose, (as the 
methyl glycosides, methyl a-D-glucopyranoside and methy! 
B-p-fructofuranoside), should resemble the taste of sucrose. 
Moreover, sugars which bind to the sucrose receptor site, 
such as linear polyols and disaccharides should also resem- 
ble the taste of sucrose. 

The results of our behavioral experiments with all of the 
above mentioned sugars indicate that while most of these 
compounds do resemble the taste of sucrose in the Mongo- 
lian gerbil, some also resemble the taste of quinine and/or 
hydrochloric acid, a phenomenon observed in humans as 
well [4]. In view of the variable results among sugars and 
artificial sweeteners, it would appear that a possible alterna- 
tive model for sweet taste reception might be indicated. 


METHOD 


Animals 


The Mongolian gerbils (seventy-two), Meriones un- 
guiculatus, were obtained from the Tumblebrook Farm, 
West Brookfield, MA, included both sexes, were in the 7-12 
week age class and weighed approximately 50 grams at the 
beginning of the experiments. 
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Training 

Upon arrival, the animals were placed on a drinking 
schedule in which they received deionized water twice a day 
from 0900 hr to 1000 hr and from 1500 hr to 1600 hr. Animals 
were fed Purina chow ad lib. 

After a week of training, the animals were arranged into 
six groups consisting of twelve animals in each group so that 
all groups had an equal sex ratio and approximately the same 
water intake. Five of the groups became the avoidance 
groups trained to avoid (1) sucrose, (2) sodium chloride, (3) 
hydrochloric acid, (4) quinine-HCI or (5) water. The sixth 
group was a replacement group of gerbils of matched weight 
and fluid intake which was maintained on the drinking 
schedule throughout the experiment and was used to replace 
members of the avoidance group who had to be removed 
from the experiment. During the nine-month period, thirty 
animals were replaced for the following reasons: death—foot 
caught in bottom of cage (3), weight loss (17), excessive 
weight gain (3), or alopecia (7). Additional replacement 
animals were obtained from a breeding colony of Tumble- 
brook Farm stock. 


Behavior 


The conditioned taste aversion technique was used to 
characterize the taste of the compounds [8,19]. Gerbils were 
injected with lithium chloride after they had drunk either a 
salt solution (sodium chloride), sweet solution (sucrose), 
sour solution (hydrochloric acid), bitter solution 
(quinine-HCl) or water (control). The animals were then 
tested for avoidance generalization by comparing their in- 
take of a taste solution to that of the control group. We used 
a short period single bottle presentation instead of a 24-hour 


two-bottle preference, to minimize post-ingestinal factors 
[20], to overcome the animal’s natural tendency to avoid 
quinine-HCl or hydrochloric acid, to minimize excessive use 
of expensive chemicals, and to facilitate handling. 


Avoidance Conditioning 


Each group of animals was given a conditioning taste 
solution for 5-10 min during the morning watering period. 
Each solution represented one of the four basic tastes, 
(salty—0.1 M sodium chloride, sour—0.01 M hydrochloric 
acid, bitter—0.001 M quinine hydrochloride, sweet—0.1 M 
sucrose, plus a deionized water control). Each animal, after 
it drank the particular solution, was injected intraperitone- 
ally with 0.3 M lithium chloride at 1% of body weight. This 
injection made the animal lethargic for a few hours. 


Testing 

After two days of recuperation, 50% of each group of the 
animals was given one of two different test solutions during 
the morning watering period. The next day the animals re- 
ceived the same solutions in reverse order. The amount of 
fluid consumed was determined by weighing the drinking 
bottle. 

To test another sequence of two compounds, the previous 
conditioning procedure was repeated with the same animals 
with the same conditioning solutions. In addition, to insure 
that trained animals tasted the conditioning solution, a few 
drops of the solution were forced into their mouths just prior 
to the lithium chloride injection. For the balance of the ex- 
periment, the same procedures were repeated with the same 
animals until all the sugars were tested. 
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FIG. 1. Mean intake of taste solutions by gerbils taught to avoid 0.1 
M sucrose (s); 0.01 M hydrochloric acid (h); 0.001 M quinine-HCl 
(g); 0.1 M sodium chloride (n); or water control (w). The test solu- 
tions are: A., 0.1 M sucrose; B., 0.01 M hydrochloric acid; C., 0.001 
M quinine-HCl and D., 0.1 M sodium chloride. The thin lines above 
the bars indicate two standard errors. An asterisk indicates a signifi- 
cantly lower intake by the group compared to the water group 
(p<0.05). N=12 per group. 


Stimuli 


Compounds. The compounds used in the experiments were 
purchased from the following suppliers: sucrose, sodium 
chloride, hydrochloric acid, glycerol and ethylene glycol 
from Fisher Scientific Company, Fairlawn, NJ; L-arabin- 
itol, D-mannitol, methyl a-p-xylopyranoside, methyl a- 
D-glucopyranoside, D-mannose, methyl a-D-galacto- 
pyranoside, methyl a-D-mannopyranoside and turanose 
from Pfanstiehl Laboratories, Waukegan, IL; quinine-HCl, 
maltose, trehalose, lactose,  cellobiose, maltitol, 
palatinose, methyl £-p-glucopyranoside, D-galactose, 
myo-inositol, xylitol, erythritol, perseitol and D-galactitol 
from Sigma Chemical Company, St. Louis, MI; melibiose 
from Eastman Kodak Company, Rochester, NY; D-glucose 
and p-fructose from J. T. Baker Chemical Company, Phil- 
lipsburg, NJ. 

The monosaccharide, methyl 8-p-fructofuranoside was 
synthesized by us as a syrup [2] and had a rotation of 
[a]*=—42.8°. This syrup, when dissolved in_ water, 
produced a faintly opaque solution which was clarified with a 
chloroform extraction. The chloroform extractable material 
leached out of the ion exchange resin used in the synthesis. 

Taste solutions. All compounds were dissolved in de- 
ionized water. The sugar solutions were prepared the night 
before an experiment and kept at room temperature. All 
other solutions were prepared from stock solutions. The 
concentrations of the test solutions used were those which 
produced electrophysiological responses equal to the su- 
crose 50% response, the CR;, [11]. If a compound did not 
produce a behavioral response at the CR; , it was retested at 
a slightly higher concentration. 
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FIG. 2. Mean intake of disaccharide solutions by gerbils taught to avoid 0.1 M 
sucrose (s), 0.01 M hydrochloric acid (h), 0.001 M quinine-HCI (q), sodium 
chloride (n) or water (w). The disaccharide solutions are: A. 0.24 M maltose, B 
0.26 M trehalose, C. 0.31 M lactose, D. 0.04 M sucrose, E. 0.37 M melibiose, F 
0.3 M turanose, G. 0.33 M cellobiose, H. 0.34 M maltitol, I. 0.49 M palatinose. 
The statistical details are the same as in Fig. 1. N=12 per group except in Hw 


where N=11. 


Statistics 


Analysis of variance was applied to the results. When 
significant interactions were observed, pair-wise analyses 
between the control and experimental groups were per- 
formed. A regression analysis was performed to determine if 
intake was correlated to presentation order. 


RESULTS 
Conditioning Stimuli 


As expected, we were able to teach the gerbils specific 
taste avoidances as witnessed by their failure to drink as 
much of the conditioning stimuli as the control animals (Fig. 
1). For example, when the gerbils were given 0.1 M sucrose 
(Fig. 1A), only the sucrose avoidance group’s intake was 
significantly less than the control group’s intake; whereas 
the intake of the other groups was about the same as the 
controls. A similar specific reduction of intake was seen 
when the animals were given either 0.1 M sodium chloride, 


0.01 M hydrochloric acid or 0.001 M quinine-HCl (Fig. 1B, 
IC, and 1D). 


Test Stimuli 


Disaccharides. For the most part when disaccharides 
were offered to the gerbils, they were consumed significantly 
less by the sucrose avoidance group than by the other groups 
(Fig. 2). A few sugars, such as lactose (Fig. 2C), cellobiose 
(Fig. 2G),a nd maltitol (Fig. 2H) were consumed significantly 
less by the hydrochloric acid avoidance group than by the 
controls. In contrast, the intakes of these disaccharide solu- 
tions by the quinine and sodium chloride groups were not 
different than those of the controls. 

Monosaccharides. The gerbil’s behavior with these com- 
pounds is a little more complex than that observed with the 
disaccharides. As seen with disaccharides, monosaccharide 
solutions were consumed less by the sucrose avoidance 
group than by the control group and consumed equally by 
the sodium chloride avoidance group and the control group 
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FIG. 3. Mean intake of monosaccharide solutions by gerbils taught to avoid 0.1 
M sucrose (s), 0.01 M hydrochloric acid (h), 0.001 M quinine-HCl (q), 0.1 M 
sodium chloride (n) or water (w). The monosaccharide solutions are A. 0.2 M 
methyl a-p-glucopyranoside, B. 0.1 M methyl B-p-fructopyranoside, C. 0.3 M 
D-mannose, D. 0.7 M methyl a-D-galactopyranoside, E. black bar=0.3 M 
methyl a-D-mannopyranoside, cross-hatched bar=0.41 M _ methyl a- 
D-mannopyranoside, white bar=0.6 M methyl a-D-mannopyranoside, F. 0.32 
M p-galactose, G. 0.37 M p-glucose, H. 0.22 M p-fructose, I. methyl a- 
b-xylopyranoside, J. black bar=0.05 M methyl £-p-glucopyranoside, cross- 
hatched bar=0.15 M methyl B-p-glucopyranoside, white bar=0.5 M methyl 
8-bD-glucopyranoside. The statistical details are the same as in Fig. 1. 


(Fig. 3). Three sugars, methyl a-p-glucopyranoside (Fig. 
3A), methyl B-p-glucopyranoside (Fig. 3J), and methyl a- 
p-galactopyranoside (Fig. 3D), in addition to being con- 
sumed less by the sucrose avoidance group, were also con- 
sumed less by the quinine avoidance group. Two of the com- 
pounds, methyl a-D-galactopyranoside, and methyl £- 
p-glucopyranoside were also consumed to a lesser degree by 
the hydrochloric acid avoidance group than by the control 
animals. 


In two experiments, the intakes of the test solutions by 
conditioned animals changed as the test compound’s concen- 
tration changed. In the first instance, as the concentration 
of methyl a-D-mannopyranoside (Fig. 3E) increased from 0.3 
M to 0.41 M, it was consumed less by both the sucrose and 
the hydrochloric acid avoidance groups and, at 0.6 M, it was 
consumed less only by the sucrose avoidance group. In the 
second experiment, as the concentration of methyl £- 
D-glucopyranoside was gradually reduced from 0.5 M to 0.05 
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FIG. 4. Mean intake of polyol solutions by gerbils taught to avoid 0.1 M sucrose (s), 0.01 
M hydrochloric acid (h), 0.001 M quinine-HCl (q), 0.1 M sodium chloride (n) or water 


(w). The polyol solutions are: A. 0.2 M myo-inositol, B. 0.3 M p-xylitol, C. 


0.3 M 


D-mannitol, D. 0.18 M p-galactitol, E. 0.45 M glycerol, F. 0.3 M perseitol, G. 0.35 M 
erythritol, H. 0.5 M ethylene glycol, I. White bar=0.3 M L-arabinitol, black bar=0.41 M 
L-arabinitol. The statistical details are the same as in Fig. 1. 


M there was significant reduction in the intake of the sugar 
solution at 0.15 M by the animals trained to avoid sucrose as 
compared to controls (Fig. 3J). 

The gerbil’s taste responses to reducing monosaccharides 
were different than those to their methyl glycoside counter- 
parts. For example, compared to controls, D-galactose (Fig. 
3F), p-glucose (Fig. 3G), and D-mannose (Fig. 3C) solutions 
were consumed less by only the sucrose avoidance group, 
whereas, the methyl glycosides (Fig. 3A, 3D, 3E, 3J) in ad- 
dition to being consumed less by the sucrose avoidance 
group were consumed less by the quinine and/or the hydro- 
chloric acid avoidance groups. 

Polyols. With one exception, the gerbil’s taste behavior 
with the polyols was similar to that seen with the disac- 
charides and monosaccharides (Fig. 4). Compared to con- 
trols, polyols were consumed less by the sucrose avoidance 
group but not the sodium chloride avoidance group. In addi- 
tion, less ethylene glycol (Fig. 4H), glycerol (Fig. 4E), and 
erythritol (Fig. 4G) were consumed by the quinine avoidance 
group compared to the controls. Glycerol was also con- 
sumed less by the hydrochloric acid avoidance group. The 
exception, galactitol, (Fig. 4D), was not consumed less by 
any of the avoidance groups but was not tested at higher 
concentrations because of limited solubility. 


Differential intake. At the outset of the experiment we 
believed that the control groups would consume equal 
amounts of sugar solution because the concentrations cho- 
sen produced equally intense responses in the gerbil’s 
chorda tympani nerve. This proved not to be the case. In- 
stead, the water group consumed differential amounts of 
sugar solutions. For example, they consumed more of mal- 
tose and less of palatinose than any other disaccharide (Fig. 
5A). Among monosaccharides, they consumed methyl a- 
D-glucopyranoside most and methyl £-pD-glucopyranoside 
least (Fig. 5B). Similarly, the gerbils consumed differential 
amounts of polyols (Fig. 5C), the greatest being myo- 
inositol, the least L-arabinotol. 

One possible explanation for the differential intake in Fig. 
5 is that sugars consumed earlier in the study would be con- 
sumed more readily than sugars consumed later in the study. 
This proved not to be the case. The regression of Intake vs 
Presentation Order was found not to be correlated (p>0.05, 
r=—0.1890, slope=—0.000313, y intercept=0.0321, df=26). 


DISCUSSION 


Generally, the results of these experiments indicate that 
the gerbil’s taste response to these sugars resembles the re- 














Mean Intake (ml/g) 





FIG. 5. Mean intake of sugar solutions by water groups arranged in 
descending order. In panel A are the disaccharides, a. 0.24 M mal- 
tose, b. 0.26 M trehalose, c. 0.31 M lactose, D. 0.04 M sucrose, e. 
0.33 M cellobiose, f. 0.37 M melibiose, g. 0.3 M turanose, h. 0.34 
maltitol and i. 0.49 M palatinose. In panel B are the monosac- 
charides, a. 0.2 M methyl a-D-glucopyranoside, b. 0.3 M 
D-mannose, c. 0.1 M methyl B-p-fructofuranoside, d. 0.7 M methyl 
a-b-galactopyranoside, e. 0.32 M p-galactose, f. 0.37 M p-glucose, 
g. 0.22 M p-fructose, h. 0.2 M methyl a-p-xylopyranoside, i. 0.3 M 
methyl a-D-mannopyranoside, j. 0.5 M methyl 6-p-glucopyranoside. 
In panel C are the polyols, a. 0.2 M myo-inositol, b. 0.3 M D-xylitol, 
c. 0.3 M p-mannitol, d. 0.18 M p-galactitol, e. 0.45 M glycerol, f. 0.3 
M perseitol, g. 0.35 M erythritol, h. 0.5 M ethylene glycerol, i. 0.3 M 
L-arabinitol. The asterisk indicates a significantly lower intake than 
solution a. The other statistical details are the same as in Fig. 1. 


sponse of other mammals. In a comparable taste aversion 
experiment, the hamster and rat (like the gerbil) behaved as 
if the taste of both glucose and fructose resembled that of 
sucrose [19]. For the most part, gerbils taught to avoid 
prototypes of the four taste qualities generalized this 
avoidance to sugar solutions in a fashion parallel to the 
human experience. To humans, the sugars taste sweet (re- 
semble the taste of sucrose), sweet-sour (resemble the taste 
of sucrose and hydrochloric acid) or sweet-bitter (resemble 
the taste of sucrose and quinine) [4, 5, 24]. The exception 
galactitol, used at low concentrations, may have been disre- 
garded by the gerbil because of its weak taste relative to the 
strong conditioning stimuli (0.1 M sucrose). Or it may pos- 
sess an unknown taste quality not represented by one of the 
conditioning solutions. Three other exceptions: methyl 
8-p-fructofuranoside, methyl a-D-xylopyranoside and 
D-mannose, which taste sweet-bitter to man, were only 
avoided by gerbils taught to avoid sucrose but not by those 
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taught to avoid quinine. This may have been due to a concen- 
tration effect. 

The differential consumption of sugar solutions by the 
water control group suggests that the sugars are as differen- 
tially pleasant to the gerbil as they are to the human [18]. 
These results are consistent with the preference for maltose 
over sucrose or lactose by rats in a two-bottle preference 
experiment [21]. The reason for the differential consumption 
of sugar solutions by the gerbils is not clear. It occurred 
despite the attempt to choose concentrations which 
produced equally intense neural responses in the chorda 
tympani nerve and, hopefully, equally sweet (palatable?) so- 
lutions. 

There was also differential consumption of compounds 
which produced identical concentration-response curves in 
the gerbil’s chorda tympani nerve, such as the pentitols, 
L-arabinitol, and p-xylitol, [15] and the two methyl 
glycosides methyl a-pD-glucopyranoside and methyl a- 
p-xylopyranoside [13]. A comparison of molecular structure 
reveals that monosaccharides and polyols which resemble 
the highly preferred sucrose molecule were also highly pre- 
ferred, e.g., methyl a-D-glucopyranoside, methyl £- 
p-fructofuranoside and myo-inositol. However, this does not 
seem to be a sufficient explanation because sucrose, a very 
palatable disaccharide is made up of the same monosac- 
charides as palatinose, the least palatable disaccharide. One 
possibility which could partially explain the lack of palata- 
bility of some disaccharides is osmotic pressure—the most 
hypertonic being the least palatable. However, again the ex- 
ception is sucrose, being the least hypertonic and not the 
most palatable solution (the most palatable being maltose). 
At present, there does not seem to be a clear reason for the 
sugar-intake differences by the gerbils. These reasons could 
become apparent if there were more information about how 
these sugars interact with individual nerve fibers of the 
chorda tympani, glossopharyngeal, vagus and trigeminal 
nerves. 

A quantitative comparison of the _ gerbil’s elec- 
trophysiological taste response with human behavioral ex- 
periments reveals that both species may have sugar receptor 
sites with similar properties. (This comparison is permissible 
because in humans a correlation between chorda tympani 
nerve response and subject taste intensity has been estab- 
lished [26].) Furthermore, evidence obtained from our exper- 
iment suggests that gerbil qualitative behavioral taste re- 
sponses to sugars parallel (in general) those of humans. In 
regard to the quantitative comparison, the following 
similarities were observed: (1) Sucrose is the best taste 
stimulant among naturally occurring disaccharides [5, 7, 11]. 
(2) The synthetic disaccharide, chlorosucrose, is many times 
more effective a taste stimulant than sucrose [10,12]. (3) Disac- 
charides which contain a-p-glucopyrancside, such as mal- 
tose and maltitol, are better taste stimuli than disaccharides 
which contain B-p-glycopyranoside, e.g., cellobiose and cel- 
lobiitol [11,16]. (4) Lactose which contains the {f- 
p-galactopyranoside is a better stimulus than melibiose, the 
a-D-galactopyranoside [11,16]. (5S) The taste intensity of 
methyl glycosides is affected by the orientation of individual 
hydroxyl or methoxy groups. For example, methyl a- 
p-glucopyranoside is a more effective taste stimulus than 
either methyl -p-glucopyranoside or methyl a- 
D-mannopyranoside [4,13]. (6) Replacing the sugars’ hy- 
droxyl groups with hydrogen at various positions (deoxy 
sugars) results in less intense taste stimuli [4,13]. (7) In hu- 
mans, among reducing monosaccharides, fructose is the 
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sweetest and has a lower taste threshold (0.02 M) than glu- 
cose (0.045 M) [7]. In the gerbil, the electrophysiological 
threshold of fructose (0.003 M) is less than the glucose 
threshold (0.03 M) [13]. 

There are a few dissimilarities: (1) In the human, B- 
D-fructopyranose is believed to be the sweetest fructose 
isomer [23]. In the gerbil, using comparable but not exactly 
the same compounds, methyl £-p-fructofuranoside instead 
of methy! 8-p-fructopyranoside, produces the strongest elec- 
trophysiological response of the fructosides [13]. (2) The 
linear polyols taste sweet to both man [18] and the gerbil, but 
the human taste behavior does not plateau or even show 
systematic changes in taste response to changing chain 
length, which are seen in the gerbil’s electrophysiological 
response [15]. (3) Many artificial sweeteners do not stimulate 
the gerbil’s taste receptors (e.g., aspartame) [12]. (4) Some 
sweeteners which stimulated the gerbil’s taste nerve did not 
produce taste avoidance generalization in animals taught to 
avoid sucrose (e.g., cyclamate) [12]. (5) The sweet taste in- 
hibitor, gymnemic acid, does not abolish the elec- 
trophysiological taste response of sucrose in the gerbil [14] 
as it does in the human [26]. 

A few possibilities could explain these differences. One 
explanation is that there are vast species differences in sweet 
taste receptor specificity such that the ‘“‘AH,B Taste 
Theory” only applies to humans or closely-related primates 
[9]. Such an explanation does not explain the similarities of 
sugar taste between the species. A second explanation is that 
the gerbil’s sweetener site is slightly modified such that the 
non-stimulating sweeteners mentioned above are binding to 
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the site but are unable to activate the taste receptor in a 
manner similar to that of antagonist drugs at drug receptor 
sites [3]. This possibility is ruled out because the non- 
stimulating sweeteners do not inhibit the sucrose response in 
mixture experiments [12]. A third possibility is that the 
sweetener site is slightly modified in the gerbil so that some 
but not all sweeteners interact. A fourth possibility is that 
taste reception to sweeteners involves a number of specific 
receptor sites each with ‘‘AH,B”’ requirements rather than a 
single receptor site, two examples being a sucrose receptor 
site [15] and a saccharin site [25]. 

At present, we are not completely certain of the mech- 
anism of sweet taste reception. The multiple receptor hy- 
pothesis is attractive because there is evidence suggesting 
the presence of more than one sweetener site in mammals. 
For example, in electrophysiological experiments using 
dogs, gerbils and monkeys, single taste neurons respond dif- 
ferentially to sugars [1, 6, 20]. In adaptation experiments 
with the human, a given sweetener does not completely 
cross-adapt to all sweeteners [17]. Finally, in the rat, alloxan 
will inhibit the sucrose electrophysiological response but not 
the saccharin response [25]. To solve this problem, work is 
needed using competitive and non-competitive inhibitors as 
well as recording from single neurons using a wide variety of 
sweeteners. 
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BEYER, C., A. FERNANDEZ-GUASTI AND G. RODRIGUEZ-MANZO. Induction of female sexual behavior by GTP 
in ovariectomized estrogen primed rats. PHYSIOL. BEHAV. 28(6) 1073-1076, 1982.—The effect of both intrahypothalamic 
and systemic administration of guanosine triphosphate (GTP) on lordosis behavior was studied in ovariectomized and 
ovariectomized-adrenalectomized, estrogen-primed rats (estradiol benzoate, 4 wg). This estrogen dose per se induced only 
weak or no lordosis behavior. Injection of GTP into the medial hypothalamic area (100 yg in 2.5 ul) elicited lordosis 
behavior with relatively short latency in 6 out of 7 rats. Systemic administration of GTP in a dose range of 0.8 mg to 5.0 mg 
to ovariectomized estrogen-primed rats, stimulated intense lordosis behavior in all subjects. Weak lordosis responses were 
displayed within the first 12 hr after GTP injection, but at 48 hr all rats were highly estrous. Lordosis behavior remained for 
up to eight days, its duration being related to the dose of GTP administered. GTP (2 mg) induced lordosis behavior in 
ovariectomized, adrenalectomized estrogen-primed rats, thus excluding the participation of adrenal steroids in this effect. 
The results are interpreted in terms of the stimulation of adenyl cyclase-cAMP systems by GTP. 


Lordosis behavior GTP Adenylate cyclase 


THERE are data suggesting that cyclic nucleotides are in- 
volved in the facilitatory effect exerted by progesterone (P) 
and luteinizing hormone releasing hormone (LH-RH) on 
the estrous behavior of some rodents [1]. Thus, adenosine- 
3',5'-cyclic monophosphate (cAMP) analogs, either system- 
ically administered or infused into the brain, stimulate lor- 
dosis in ovariectomized, estrogen-primed rats [2] and guinea 
pigs (Feder and Nock, personal communication). Moreover, 
administration of some phosphodiesterases inhibitors can 
significantly increase the behavioral effect of low doses of P 
[3] and LH-RH [4]. This last effect presumably due to an 
increase in cAMP intraneuronal levels resulting from the 
diminished rate of hydrolysis of the nucleotide. Jn vitro 
studies show that adenyl cyclase activity is augmented in 
many tissues by GTP even in the absence of hormonal stimu- 
lation [8, 9, 11, 17, 23]. Moreover, increased GTP in vivo also 
leads to an activation of adenyl cyclases [13,16] and a rise in 
cAMP levels [13]. Therefore, in the present work we tested 
the effect of GTP on the sexual behavior of estrogen-primed 
rats. 


METHOD 


Ninety seven young sexually inexperienced Sprague- 
Dawley rats—200 to 250 g body weight—were used. They were 
housed in individual cages and maintained in a room at 23°C 
with an inverted light cycle (14 hr light-10 hr dark). Lights 
were turned on at 10:00 a.m. The rats were fed with Purina 
rat chow and water ad lib. All rats were ovariectomized one 
month before initiation of treatment. Rats in groups 9 and 10 


cAMP 
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were adrenalectomized (ADX) ten days before treatment and 
supplied with saline for drinking. Rats in groups | and 2 were 
stereotaxically implanted eight days before treatment. The 
implantation procedure was carried out using ether 
anesthesia. The skull was exposed and two cannulae (28 
gauge) were aimed to the ventromedial hypothalamic nuclei 
using a stereotaxic atlas. The cannulae were fixed with den- 
tal acrylic. All rats received at time 0 a subcutaneous injec- 
tion of 4 ug estradiol benzoate (EB) dissolved in 0.2 ml of 
sesame oil and 44 hr later they were subjected to the follow- 
ing treatments: 

Group 1. 2.5 ul of saline in each ventromedial hypotha- 
lamic nucleus, 9 rats. 

Group 2. GTP, 100 wg (2.5 yl saline) in each ventrome- 
dial hypothalamic nucleus, 9 rats. 

Group 3. Saline, 14 rats. 

Group 4. GTP, 0.1 mg, 10 rats. 

Group 5. GTP, 0.2 mg, 9 rats. 

Group 6. GTP, 0.8 mg, 11 rats. 

Group 7. GTP, 2.0 mg, 10 rats. 

Group 8. GTP, 5.0 mg, 9 rats. 
To assess the role of the adrenal glands on the behavioral 
effect of GTP, two groups were formed using adrenalec- 
tomized, ovariectomized rats. 

Group 9. Saline, 8 rats. 

Group 10. GTP, 2.0 mg, 8 rats. 
This last dose was found to be effective in stimulating lor- 
dosis behavior (Group 7). Injections—in groups 3 to 10— 
were given SC in 0.2 ml of saline. Chemicals were purchased 
from Sigma. 
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TABLE | 


EFFECT OF INTRAHYPOTHALAMIC ADMINISTRATION OF 100 ng GTP ON LORDOSIS BEHAVIOR OF OVARIECTOMIZED ESTROGEN 
PRIMED RATS (4 yg EB) 





Percentage of Responders and Mean Lordosis Quotient + SD 


Number Treatment 
Group of Ss (0 hr*) 15 min 2 hr 4hr 6 hr 8 hr 24 hr 30 hr 48 hr 72 hr 9 hr 120hr 144hr 





2.5 ul 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
saline 00+00 00+00 00+00 00+00 00+ 00 00+00 00+00 00+00 00+00 00+00 00+00 00+00 
(in VMH) 

50% 50% 50% 33% 


100 ug 33% 67% 100% 100% 83% 83% 83% 67% 
17+22 17421 3+5 


GTP 10+18 26+33 40+32$ 54+30t 51+36t + 27+18¢ 26+20¢ 23425 20+30 
(in VMH) 





*( hr=44 hr after EB injection. 


+Rats in which cannulae were found within the hypothalamus. 
tStatistical comparisons were made between Group | vs 2, Mann Whitney U test, p<0.02. 


At the end of observations, rats from groups | and 2 were tested at 15 min, 1 hr, 2 hr, 4 hr, 6 hr, 8 hr, 24 hr, 30 hr, 48 hr, 
sacrificed, perfused through the heart with 10% Formalin, and every 24 hr until lordosis behavior disappeared. Statisti- 
and ten days later their brains removed for histological cal analysis was performed using the Mann-Whitney U test. 
analysis. They were embedded in paraffin, cut every 200 um 
and stained with hematoxylin-eosine. 1AeveN 

Tests were conducted in a circular Plexiglas cage ($3 cm —_ae 
diameter). Sires were vigorous experienced males. Each The results obtained with the GTP treatment are sum- 
female received 10 vigorous mounts per test. Receptivity marized in Tables 1 and 2. EB by itself (Group 3) only stimu- 
was quantified by the lordosis quotient (LQ=number of lor- lated weak estrous behavior. Infusion of saline into the hypo- 
dosis/10 mounts x 100). Rats were tested 2 hr, 4 hr, 8 hr, 12 thalamic area failed to elicit lordosis (Table 1). On the other 
hr, 24 hr, 30 hr and 48 hr after administration of saline or the hand 6 out of the 9 rats infused with GTP in the hypothala- 
nucleotide, and thereafter every 24 hr until they stopped mus displayed clear estrous behavior (Table 1). Histological 
displaying lordosis behavior. Intrabrain infused rats were analysis of the placement of the cannulae revealed that the 


TABLE 2 


EFFECT OF SYSTEMIC ADMINISTRATION OF GTP ON LORDOSIS BEHAVIOR OF 
OVARIECTOMIZED AND OVARIECTOMIZED ADRENALECTOMIZED (ADX) ESTROGEN 
PRIMED RATS (4 yg EB) 





Percentage of Responders and 
Number Treatment Mean Lordosis Quotient + SD 
Group of Ss (0 hr*) 4 hr 8 hr 12 hr 24 hr 





0.2 ml Vj 14% 21% 21% 36% 43% 

saline I+ 3 4+ 7 4+ 9 8+11 14+19 

0.1 mg GTP ( 30% 60% 50% 50% 40% 

13+21 16+17 10+22 12+14 17+24 

0.2 mg GTP C 56% 44% 44% 56% 78% 

16+16 13+17 12+15 18+18 20+ 18 

0.8 mg GTP 5% 55% 73% 64% 91% 82% 

13+14 23+24 15+14 38+347 45+317 

2.0 mg GTP 60% 50% 50% 90% 100% 

11+11 9+10 13+15 39+297 58+277 

5.0 mg GTP 56% 67% 67% 89% 100% 

13+16 16+13 18+15 47+277 68+ 157 

0.2 ml 38% 38% 63% 63% 38% 50% 

saline 15+20 16+17 21+20 13+17 16+17 
ADX 

2.0 mg GTP 75% 75% 63% 75% 100% 100% 

ADX 28+21 29+27 28+31 44+ 33 74+207 79+ 177 





*0 hr=44 hr after EB injection. 
+ Statistical comparisons were made between experimental (GTP treated rats) and control 


groups (Groups 3 and 9), Mann Whitney U test, p<0.02. 





GTP ON SEXUAL BEHAVIOR 


responsive rats had their cannulae placed 0.5 mm above each 
ventromedial hypothalamic nucleus, and that 2 out of the 3 
nonresponsive ones had their cannulae placed outside the 
hypothalamus. Results on Table | include only the data re- 
garding those rats with cannulae in the medial hypothalamus. 
Lordosis was already seen | hr after the intrabrain injection, 
but maximum LQ’s were observed between 4 and 8 hr after 
GTP. Thereafter, the intensity of sexual behavior gradually 
diminished, though lordosis was still occasionally displayed 
by most rats (67%) two days after GTP. 

Systemic injection of GTP stimulated clear lordosis be- 
havior. Table 2 shows results obtained with various doses of 
GTP. Only weak lordosis responses were observed within 
the first 12 hr of systemic GTP administration. Yet, at 24 hr 
all rats, except those injected with the two lower doses, dis- 
played lordosis behavior. At that time a clear dose response 
relationship was noted. Lordosis behavior remained high for 
several days, its duration being roughly related to the dose of 
GTP administered. GTP treated rats appeared to be more 
active than control rats, but no clear signs of irritability, 
aggressiveness or motor dysfunction were noted. Soliciting 
behavior was not displayed by GTP treated rats. 

Administration of 4 wg EB to ovariectomized, adrenalec- 
tomized rats elicited only weak sexual behavior. On the 
other hand, administration of 2 mg of GTP to similarly 
estrogen-primed, ovariectomized-adrenalectomized rats in- 
duced clear lordosis behavior. This response was similar in 
intensity and duration to that obtained with the same dose in 
ovariectomized subjects (see Table 2). 


DISCUSSION 


The results show that GTP stimulates lordosis behavior in 
ovariectomized, estrogen-primed rats both when infused into 


TABLE 2 


(Continued) 
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the hypothalamus or when subcutaneously injected. Within 
the dose range of GTP used in this study, no other behavioral 
alterations were noted. This is however, not surprising con- 
sidering that nucleotides do not penetrate the blood brain 
barrier [7]. On the other hand, the region in which sex 
steroids act to stimulate lordosis behavior, i.e., the ven- 
tromedial hypothalamus, lacks a well constituted brain blood 
barrier [18]. 

The time course of the action of GTP was different from 
that reported for hormones or drugs known to elicit sexual 
behavior in estrogen-primed rats. P [5], LH-RH [15], PG-E, 
[21], dibutyryl cAMP (dbcAMP) [2] and cGMP analogues [20] 
achieve their maximum level of stimulation between 4 to 12 
hours following their administration. Moreover, the lordosis 
behavior induced by these chemicals tends to disappear 24 to 
48 hr after their systemic injection (for review see [14]). On 
the other hand, lordosis behavior, after GTP, peaked around 
48 hr and lasted for several days. It is possible that the long 
latency observed with systemic administration was due to a 
slow accumulation of GTP molecules in their site of action, 
since GTP intrabrain administration elicited lordosis with a 
much shorter latency. Uptake studies of GTP by brain tissue 
must be made to settle this question. GTP is an ubiquitous 
nucleotide regulating important cellular processes in both 
neural and non neural tissues. Therefore, it is difficult from 
the present experiments to establish its site of action. How- 
ever, the finding that the intrahypothalamic infusion of GTP 
stimulates sexual behavior suggests that it acts directly on 
hypothalamic neurons related to lordosis. Moreover, since 
GTP stimulates lordosis in estrogen-primed, adrenal- 
ectomized-ovariectomized animals, the participation of 
ACTH release and subsequent adrenal progesterone secre- 
tion in this effect can be safely excluded. 





Percentage of Responders and 
Mean Lordosis Quotient + SD 


96 hr 120 hr 144 hr 


168 hr 


192 hr 216hr 





0% 0% 
00+00 


71+27t 


00+00 00+00 


0% 0% 
00+00 
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Recently, we [1] proposed a model to explain the 
facilitatory effect exerted by several hormones and drugs (P, 
LH-RH, PG-E, and clonidine) on the sexual behavior of 
estrogen-primed rodents. This model postulates that estro- 
gen stimulates the synthesis of proteins related to the ex- 
pression of lordosis. These estrogen-induced proteins, how- 
ever, are inactive either due to their conformation or their 
location. P and the other hormones would exert their 
facilitatory effect by phosphorylating these proteins through 
the activation of adenyl-cyclase-cAMP systems. The role of 
cAMP in the performance of lordosis by rodents is supported 
by the finding that dbcAMP elicits lordosis in ovariec- 
tomized, estrogen-primed rats [2] and in guinea pigs (Feder 
and Nock, personal communication), and that phosphodies- 
terase inhibitors enhance the effect of low doses of P and 
LH-RH on estrous behavior in ovariectomized estrogen- 
primed rats [3]. 

Recent studies have shown that there is an absolute re- 
quirement for guanine nucleotides in the stimulation of 
adenylate cyclase by drugs and hormones [12, 19, 22, 24]. 
Therefore, GTP may induce lordosis behavior by activating 


BEYER, FERNANDEZ-GUASTI AND RODRIGUEZ-MANZO 


adenyl-cyclase-cAMP systems. Lordosis behavior following 
GTP was more consistent and intense than that observed 
after dbcAMP [2]. This can be interpreted as evidence 
against our idea that GTP acts through cAMP. However, 
direct GTP activation of adenyl cyclase may result in a more 
physiological generation of elevated levels of cAMP. This 
situation occurs with the local application of cholera toxin in 
specific brain regions [13,16], since it results in larger re- 
sponses than those obtained even with large amounts of 
cAMP analogs [13,16]. 

Other alternative explanations for the effect of GTP on 
lordosis behavior are possible. Since cGMP has also been 
found to stimulate lordosis behavior in estrogen-primed rats 
[20], GTP could have acted as a precursor of this nucleotide. 
Moreover, GTP participates in protein synthesis [10] and in 
the polymerization of microtubular proteins [6], processes 
which could be related with the production of sexual behav- 
ior. Therefore, additional studies must be made in order to 
determine the mechanism of action of GTP on estrous behav- 
ior. 
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GOODLETT, C. R., W. J. ENGELLENNER, R. G. BURRIGHT AND P. J. DONOVICK. Influence of environmental 
rearing history and postsurgical environmental change on the septal rage syndrome in mice. PHYSIOL. BEHAV. 28(6) 
1077-1081, 1982.—Reactivity to handling was examined in Binghamton Heterogeneous (HET) mice given septal lesions or 
control surgery following 5 weeks of postweaning rearing in enriched or restricted environments. Three housing conditions were 
employed: continuous enrichment, continuous restriction (both pre- and postsurgically), and a group switched from 
environmental enrichment to restriction 24 hours after surgery. The restricted mice were more reactive to handling than the 
enriched mice presurgically (60 days old), and interactions of housing conditions and surgery were found over the seven 
day postsurgical handling and testing period. The restricted mice given septal lesions greatly increased in reactivity 
postsurgically, while the intact controls declined in reactivity over the postsurgical week. The enriched septals were only 
moderately increased over the low presurgical reactivity baseline, and were much less reactive than the restricted septals 
Perhaps the most remarkable finding was the dramatic and immediate increase in reactivity in the septals switched from 
enrichment to restriction, while intact controls showed no effect of the switch. These results emphasize the importance of 
experience in determining the effects of septal damage, and may be useful in examining other correlates of septal rage 

Environmental enrichment and restriction Environmental change 


Septal lesions Rage Reactivity 


THE septal rage syndrome has been described as the fierce 
defensiveness toward handlers and heightened responsive- 
ness to a variety of stimuli following large septal lesions [5]. 
While there are genotypic limitations on the appearance of 
septal rage (e.g., [26]), rats [2] and mice [25] typically show 
an increased reactivity to handling after septal damage. 
However, Brady and Nauta [5] noted the decline of the rage 
reaction over several weeks following surgery in rats, an 
effect which depends on the experiential history of the 
animal (see [7,11]). The duration of the rage syndrome in rats 
can be as short as 6 days [15], or as long as 75 days [20], 
depending on the amount of handling given postsurgically. In 
contrast, Slotnicx and McMullen [25] reported no evidence 
of a decline in reactivity to handling over a two month period 
in individually housed CF-1 mice with septal lesions, though 
the extent and duration of the rage syndrome is likely to be 
strain dependent in mice (see [8]). Casual observations in our 
lab of individually housed Binghamton-Heterogeneous mice 
suggest only a moderate reduction of the hyperreactivity 
outcome following septal lesions. 

Experiential factors other than postsurgical handling can 
also reduce the intensity and/or duration of the rage. Exten- 
sive presurgical handling may attenuate hyperreactivity [11]. 
Pre- and postsurgical housing conditions may also contribute 
to the rage syndrome (e.g., [1]), though this has not been 
extensively tested. Despite the labile nature of the rage syn- 


drome, as well as the previously demonstrated interactions 
of presurgical rearing history and septal damage [7,9], inves- 
tigations of the septal rage syndrome incorporating enriched 
and restricted rearing conditions are lacking (but see [10)]). 

Environmental rearing manipulations are known to result 
in both behavioral and neurological differences in intact ro- 
dents [16,24]. Since the septal rage syndrome can be at- 
tenuated by increased environmental stimulation via pre- or 
postsurgical handling, it seems reasonable that postweaning 
environmental/social enrichment may reduce the expression 
of the rage following septal lesions. The effects of a change 
from enrichment to restriction following the surgical proce- 
dures are more difficult to anticipate. 

In light of these issues, the present study addressed two 
primary questions. In a genetically heterogeneous stock of 
mice, do environmental enrichment/restriction procedures 
affect the expression of the postsurgical septal rage syn- 
drome, as assessed by a handling reactivity measure? Sec- 
ondly, to what extent does a postsurgical change from en- 
vironmental enrichment to restriction alter the course of the 
rage syndrome? The inclusion of the environmental change 
group (from enrichment to restriction) in this report allows a 
comparison of the effects of the change on reactivity relative 
to mice continuously maintained in enriched or restricted 
environments. In the course of the experiment we also at- 
tempted to incorporate a group of mice reared under re- 
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stricted conditions and then switched postsurgically to 
enriched conditions. However, the large number of deaths 
following the switch from isolation to group housing 
(primarily the mice with septal lesions) precluded the inclu- 
sion of data from this condition in the experiment. While no 
post-mortem pathological examination was done, the mice 
did not appear to die as a direct result of wounding, though 
evidence of agonistic behavior was observed. 


METHOD 
Subjects 


Male mice of the Binghamton Heterogeneous (HET) 
stock [12] were used. The experiment was completed in two 
replications over a 4-month period. A total of 95 mice from 
24 litters completed the experiment. 


Presurgical Maintenance 


At weaning (21 days of age), half of the subjects from each 
litter were assigned to social-environmental enrichment 
conditions, and the other half to environmental restriction 
housing conditions. Mice in the restricted condition were 
individually housed in translucent cages 7 inches x 11 inches 
x 5 inches (high), with Charles River mouse chow available 
ad lib. In the enriched condition, six non-sibling mice were 
placed in a three-tiered house consisting of three stacked, 
transparent 7 inches x 11 inches x 5 inches Carworth 
Polycarbonate Isocages (see [8]). Access between levels 
could be achieved via a chain; toys and various playthings 
were present on all levels, and food and water were available 
ad lib only in the uppermost tier. Both the enriched and 
restricted cages were kept in the same room, separate from 
the main vivarium. The overhead fluorescent lights were on 
between 0800 and 2000 hours, and the temperature ranged 
between 20-22°C. Throughout the experiment, the cages 
were changed every 1-2 weeks. 

Environmental restriction or social environmental 
enrichment conditions were maintained for 5 weeks (21-56 
days of age). At the end of the 5 week period, all subjects 
were scored for reactivity to handling (see below), then as- 
signed to receive either bilateral lesions of the septum or 
sham operations. The surgical group assignments were made 
such that the mean presurgical reactivity scores of the two 
groups were similar within each housing condition. 


Reactivity Test 

Tests of reactivity were conducted between 1200 and 1500 
hours in the room where the mice were housed. Each subject 
was placed in a large open box, and ratings were made by 
two independent observers on a scale of 0-3 (increasing in 
order of intensity) on each of the following measures, mod- 
ified from King [18]: (1) Response to a pencil near the snout, 
(2) Response to pencil tap on back, (3) Resistance to capture, 
(4) Resistance to handling, (5) Vocalizations, (6) Urina- 
tion/Defecation. The maximum score possible was 18, and 
the score for each subject was the summed average of each 
category from the ratings of the two observers. The raters 
were not informed as to the specific surgical treatment in the 
post-surgical tests, and the overall interrater reliability was 
quite high (r = +.92). 


Surgery 


Following the presurgical reactivity test, clean cages were 
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provided and approximately 24 hours later the mice under- 
went surgical procedures using sodium pentobarbital (85 
mg/kg) anesthesia supplemented by local injection of 
lidocaine hydrochloride. For the restricted conditions, half 
of the mice were given septal lesions, while the other half 
underwent control surgery. Within the restricted group, each 
litter was equally represented in the two surgical treatments. 
For the enriched mice, half of the mice in each cage were 
given septal lesions, while the remaining half underwent con- 
trol procedures. Again, care was taken so that siblings 
(housed in separate cages) were equally divided between le- 
sion and control groups. Deaths occurring during the course 
of the experiment left six of the eleven enriched cages with 
4-5 subjects per cage rather than the initial six per cage. 

The lesions were made by passing a 5 second, 0.8 mA DC 
current through the uninsulated tip of a #00 insect pin to a 
rectal cathode. The coordinates used were 0.6 mm anterior 
and 0.4 mm lateral to bregma, and 3.5 mm ventral to dura. 
The operated controls underwent anesthesia and drilling of 
the skull, but the electrode was not lowered. Following 
surgery the mice were returned to their respective home 
cages. 


Postsurgical Maintenance and Testing 


Twenty-four hours after surgery was completed, each 
subject was tested again on the same reactivity scale. Just 
before this postsurgical test, some of the enriched cages 
were designated as part of the “‘switched’’ (E-R) condition, 
and after completion of the first postsurgical reactivity test 
all of the mice in these cages were transferred to restricted 
housing conditions. The remaining enriched and restricted 
mice were maintained as before. However, all subjects were 
handled briefly (1-2 minutes) each day during the 
postsurgical week. The E-R group received an additional 
reactivity test on the second postsurgical day, and all groups 
were again tested on the reactivity scale of the seventh 
postsurgical day. 

At the completion of testing, the mice were sacrificed 
with an overdose of sodium pentobarbital. Frozen sections 
were taken at 80 microns through the lesion site and stained 
with a metachromatic stain for fiber tracts and cell bodies 
[6]. The brains were numerically coded and were examined 
microscopically without knowledge of the behavioral results. 
Decisions as to the completeness of the lesion were thus 
made ‘‘blind’’ to the behavioral results, and the data 
analyses were performed after histological verification. 


RESULTS 
Histology 


As shown in the representative sections of brain in Fig. 1, 
the large lesions damaged most of the precommissural 
septum and were similar to those reported previously [22]. 
Acceptable lesions destroyed most of the lateral and all of 
the medial septum, and usually invaded the vertical arm of 
the diagonal band. These lesions also damaged the area be- 
tween the rostral arms of the anterior commissure, thus in- 
vading the locus implicated [2] as critical to the full expres- 
sion of septal rage. On occasion, limited damage was seen in 
the anterior commissure, nucleus accumbens, or overlying 
corpus callosum. On the basis of histology, eight of the 
lesioned mice were discarded from the analyses—3 enriched, 
3 E-R mice, and 2 restricted mice. In each case, large por- 
tions of the precommissural septum were left intact, either as 
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FIG. 1. Left. Reconstruction of minimal (left column, subject I-28) and maximal (right column, subject I-3) lesion extent for the restricted 
mice. The topmost section is from the anterior level of septum, while the bottom-most section is from the more posterior level, at the crossing 
of the anterior commissure. (The reactivity scores of these two subjects on the seventh postoperative day were 9 (I-28) and 11 (1-3).) Right. 
Reconstruction of minimal (left column, subject E4-5) and maximal (right column, E3-33) lesion extent for mice maintained in enriched 
conditions throughout the experiment. (The reactivity scores of these two subjects on the seventh postoperative day were 3.0 (E4-5) and 4.5 
(E3-33). Reconstructions of the E to R switch group were similar to those shown in Fig. | 


a result of improper electrode placement in the lateral ven- 
tricle or as a result of invasion of the lesion in the anterior 
commissure-preoptic area. The number of subjects per group 
following histological verification are indicated on the graph 
in Fig. 2. 


Reactivity 


The mean handling reactivity scores (+S.E.M.) before 
and after surgery are shown in Fig. 2. When tested the day 
before surgery (following five weeks of differential rearing), 
the restricted mice were reliably more reactive than the 
enriched mice, t(85)=9.29, p<0.001. Following surgery, the 
restricted mice with septal lesions became even more re- 
active over the seven days of postoperative handling, while 
the reactivity of restricted controls declined over the same 
period (see left panel, Fig. 2). In contrast, for the enriched 
group, the mice with septal lesions were only moderately, 
although reliably, more reactive than the relatively low- 
scoring enriched controls over the seven days of handling 
(see middle panel, Fig. 2). 

Within the restricted group, a 2 (surgery) x 3 (test day) 
repeated measures analysis of variance of reactivity scores 
indicated a _ highly significant two-way interaction, 
F(2,68)=30.41, p<0.001, as would be expected for the 
widely divergent scores of the restricted septals and con- 
trols. A similar repeated measures analysis of variance on 
the reactivity of enriched mice also indicated a significant 
surgery by test day interaction, F(2,46)=4.18, p<0.01. The 


clear attenuation of the septal reactivity in the enriched mice 
relative to the restricted mice was confirmed by between 
group comparisons using a Duncan Multiple Range Test 
(a=0.05). The comparisons indicated that on the seventh 
postsurgical day the restricted septals were significantly 
more reactive than the enriched septals, while the two con- 
trol groups did not differ significantly from each other. 

Perhaps the most dramatic effect though was found in the 
E-R group switched from enrichment to restriction after the 
first postoperative day (see right panel, Fig. 2). As would be 
expected for the first postoperative test (before the E-R mice 
were placed in isolation), the control and lesioned mice had 
reactivity scores similar to comparable groups of the 
enriched mice. However, 24 hours following the change to 
restricted conditions, the mice with septal lesions became 
much more reactive, and thus resembled the mice with septal 
lesions which had been continuously housed under restricted 
conditions. Importantly, the E-R change did not affect the 
reactivity scores of the surgical controls. These differences 
in patterns of reactivity over the seven day period were con- 
firmed by a highly significant three-way interaction of hous- 
ing condition, surgery, and test day on a mixed model, un- 
weighted means, repeated measures analysis of variance, 
F(4,162)=5.54, p<0.001. 

A repeated measures analysis of variance on the four re- 
activity tests of the E-R groups again indicated a highly sig- 
nificant surgery by test day interaction, F(3,72)=22.38, 
p<0.001. As seen in the right panel of Fig. 2, the septals had 
a dramatic increase in their mean reactivity scores when 
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FIG. 2. Mean reactivity scores (+S.E.M.) for intact and lesioned mice in different rearing conditions, 
taken one day prior to surgery (Pre), and then on Days | (and 2 for E-R groups), and 7 postoperatively. 
The enriched and restricted groups were reared as such from weaning, and remained in their respective 
housing conditions throughout the course of the experiment. The E-R groups were reared under 
enriched conditions from weaning until 24 hours after surgery, at which time they were transferred to 


restricted cages. 


switched from enrichment to restriction and a correlated 
t-test indicated a significant increase in the reactivity of the 
septals when switched from enriched (Post 1) to restricted 
(Post 2) conditions, #(16)=2.21, »><0.05. The E-R septals had 
even higher mean reactivity scores on the seventh 
postsurgical day; the E-R controls showed no significant 
changes in reactivity across the testing period. While no re- 
activity scores were taken on the enriched or restricted mice 
on the second postsurgical day, neither of these groups 
showed large changes in reactivity from the first to the 
seventh postsurgical day. Thus, the reactivity scores of the 
E-R septals were similar to the enriched septals on the first 
postsurgical test, but after the switch to restriction the E-R 
septals had reactivity scores similar to those of the restricted 
septals. In contrast, controls switched from E-P. did not dis- 
play changes in reactivity; however, casual observation out- 
side this testing situation suggested that the housing change 
did influence control behavior (see also, [19]). 


DISCUSSION 


This study demonstrated not only a reduction in the septal 
rage syndrome in HET mice housed continuously in 
enriched cages, but also the important contribution of 
changes in the environmental milieu to the rage syndrome. 
During the postsurgical handling period—a time of increased 
stimulation, especially for the restricted subjects—the intact 
restricted mice apparently habituated to the handling proce- 
dure, while the restricted mice with septal lesions became 
extremely reactive to handling. Furthermore, a postsurgical 


change in environmental stimulation from enrichment to re- 
striction elicited a large and rapid increase in reactivity only 
in the lesioned mice. These results certainly suggest some 
crucial aspects of the ongoing level of stimulation, i.e., the 
overall arousal level of the subject, in the expression of sep- 
tal rage (e.g., [23]). 

One consideration in assessing any ‘‘beneficial’’ effects of 
environmental enrichment for animals with septal damage 
may be the relative constancy of the pre- and postsurgical 
environment. Fass et a/. [10] found no differences in reactiv- 
ity or open field activity in rats with septal lesions housed in 
either enriched or restricted environments only during the 
postoperative period. Donovick ef al. [9] found that 
presurgical enrichment with postsurgical isolation attenuated 
some, but not all, of the behavioral effects measured in rats 
with septal lesions. The present study found an attenuation 
of septal rage of enriched mice relative to restricted septals 
only when enriched conditions were also maintained postop- 
eratively. The extreme reactivity resulting from isolation of 
previously enriched septals (as well as the deaths occurring 
when subjects were switched from isolation to enrichment) 
may have been a consequence of a mismatch between the 
subjects’ prior experience and the new (postsurgical) level of 
environmental stimulation. Importantly, the reactivity 
measure of the present study did not distinguish between 
enriched intact mice and those switched from enrichment to 
restriction, though environmental switches in intact HET 
mice have been found to affect other behavioral measures 
[19]. Drawing on Fuller’s concept of emergence trauma [13], 
Greenough ef al. [17] have suggested that for experiential 
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intervention to benefit a brain damaged animal, environ- 
mental stimulation must be adjusted to levels that the animal 
can accept. This experiment demonstrates that such an *‘op- 
timal level’ of environmental stimulation certainly varies 
with both the subject’s presurgical and postsurgical experi- 
ence (see [7]) 

These results highlight the importance of both the 
presurgical history of the animal and the ongoing environ- 
mental conditions in the expression of septal rage. Given the 
importance of environmental conditions to the septal syn- 
drome, these types of manipulations may provide a useful 
approach in examining such issues as neurochemical [4,14] 
and hormonal [3,21] correlates associated with septal rage, 
and their role in recovery of function following septal dam- 
age. If such neurochemical factors are assumed to be critical 
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in the expression of septal rage, they should correlate with 
the clear reactivity differences between the enriched and re- 
stricted septals. Furthermore, such measures should be 
markedly altered for the septals (but not controls) over the 24 
hour change from enrichment to restriction, at which time 
the characteristic increases in the reactivity of the E-R mice 
with septal lesions were observed. 
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McCARTY, R. AND J. M. SAAVEDRA. Plasma catecholamines in salt-sensitive hypertensive (Dahl) rats. PHYSIOL. 
BEHAV. 28(6) 1083-1088, 1982.—We examined the effects of low (0.4%) and high (8.0%) salt diets on basal and stress- 
induced increments in plasma levels of norepinephrine (NE) and epinephrine (EPI) in the Dahl lines of salt-sensitive (DS) 
and salt-resistant (DR) rats. DS rats develop sustained increases in blood pressure when maintained on a high salt diet 
while DR rats remain normotensive. For this study, blood samples were obtained via a chronic tail artery catheter from DS 
and DR rats under resting conditions or following exposure to stress. Plasma samples were later assayed for content of NE 
and EPI by a radioenzymatic assay. Basal plasma levels of both catecholamines were similar in DS and DR rats, irrespec- 
tive of dietary salt content and mean arterial blood pressure. The mild stress of handling and transfer of rats to a different 
cage resulted in greater increments in plasma NE but not EPI in DS rats fed a high salt diet compared to DS rats fed a low 
salt diet. There was a significant effect of line and an interaction of line and diet with respect to the effects of immobilization 
stress on plasma catecholamines. DS rats had greater immobilization-induced increments in plasma NE and EPI compared 
to DR rats when both lines were fed a low salt diet. Maintenance on a diet high in salt resulted in lesser immobilization- 
induced increments in plasma catecholamines for DS rats and greater immobilization-induced increments in plasma cate- 
cholamines for DR rats when compared to their respective controls on a low salt diet. There was a significant effect of diet 
on plasma levels of both catecholamines when blood samples were obtained by decapitation. DS and DR rats that were fed 
a high salt diet had lower plasma levels of NE and EPI following decapitation compared to rats of the two lines that were fed 
a low salt diet. These findings demonstrate that dietary salt and genetic factors are important in regulating the activity and 
responsiveness of the sympathetic-adrenal medullary system to a variety of stressors. Our findings do not provide evidence 
for a critical role of the sympathetic nervous system in maintaining the diet-induced increase in the arterial blood pressure 
of DS rats. 
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BASED upon clinical observations which suggested a rela- 
tionship between dietary sodium and hypertension [9,18], 
Dahl and his co-workers [6] developed an animal model 
which would allow more precise studies on the relationships 
between salt ingestion, genetic factors, and the development 
of hypertension. By the technique of selective inbreeding of 
Sprague-Dawley rats, two lines of rats were developed. Rats 
of the Dahl salt-sensitive (DS) line remained normotensive 
when fed a low salt diet but developed rapid and sustained 
increases in blood pressure, above 180 mmHg, when fed a 
high salt diet. In contrast, rats of the Dahl salt-resistant (DR) 
line remained normotensive when fed the same high salt diet 
[17]. Several studies have indicated that variations between 
lines in renal function may contribute to the differential 
blood pressure responses of DS and DR rats to ingestion of a 
high salt diet [5, 11, 37]. However, recent findings suggest an 
important role for the sympathetic nervous system in the 
development of salt-induced hypertension in DS rats [14, 35, 
36]. 

In addition to their differential responses to a high salt 
diet, rats of the DS and DR lines also differ in their blood 
pressure responses to other putative hypertensinogenic 


stimuli. Specifically, DS rats showed dramatic elevations in 
systolic blood pressure when chronically exposed to an 
approach-avoidance conflict while similarly treated DR rats 
remained normotensive [13]. 

In the present study, we have examined basal and stress- 
induced increments in sympathetic-adrenal medullary activ- 
ity of DS and DR rats by measuring plasma levels of norepi- 
nephrine (NE) and epinephrine (EPI). NE is released 
primarily from sympathetic nerve endings while EPI is se- 
creted from the adrenal medulla [1,19]. Measurement of 
these substances in plasma provides an accurate assessment 
of the functional activity of the sympathetic-adrenal medul- 
lary system [4, 22, 28]. Special attention was directed in the 
present study to the effects of a high salt diet on the respon- 
siveness of the sympathetic-adrenal medullary system of DS 
and DR rats to acute stress. 


METHOD 


Male rats of the Dahl salt-sensitive (DS) and salt-resistant 
(DR) lines from Brookhaven National Laboratory, Upton, 
NY, were used in these experiments. Groups of DS and DR 


'Send reprint requests to Dr. Richard McCarty, Department of Psychology, Gilmer Hall, University of Virginia, Charlottesville, VA 22901 


Copyright © 1982 Brain Research Publications Inc.—003 1-9384/82/0601083-06$03 .00/0 





TABLE | 
SYSTOLIC BLOOD PRESSURE (mmHg) IN DAHL RATS 





Line Low Salt High Salt 





117+ 4 181 + 5 
105 + 2 107 + 2 


Sensitive (S) 
Resistant (R) 





Values are means + SE for groups of 8-9 rats. 


rats were fed low sodium chloride chow from weaning 
(0.45% per dry weight) at 22-23 days of age until 10 weeks of 
age while similar groups of both lines were fed high sodium 
chloride chow (8% per dry weight; obtained from ICN Phar- 
maceuticals, Cleveland, OH) over the same age range. Tap 
water was provided for drinking ad lib. 

At 9 weeks of age, systolic blood pressure was measured 
in ether-anesthetized rats by tail plethysmography using a 
programmed electrosphygmomanometer (Narco Biosys- 
tems, Houston, TX) [12]. Rats were then shipped by air- 
freight to the Laboratory of Clinical Science, National Insti- 
tute of Mental Health, Bethesda, MD, and were allowed at 
least 4 days to recover. Rats of the same line and diet were 
housed in groups of 4 per cage and room lights were con- 
trolled on a 12 hour light-12 hour dark cycle (lights on at 0600 
hours). 

At 10 weeks of age, rats were anesthetized with pen- 
tobarbital (35-40 mg/kg, IP) and a PE 50 catheter was in- 
serted into the ventral caudal artery [3]. The tubing was then 
run under the tail sheath and skin and brought out at the back 
of the neck. A 30 cm length of spring wire was placed over 
the tubing and secured to the rat with an adhesive tape col- 
lar. The catheter was filled with a 0.9% saline solution that 
contained 500 U/ml of heparin. After surgery, rats were 
housed in clear plastic cages (25x25 x15 cm) and the appro- 
priate diet and tap water were available continuously. Each 
catheter was flushed in the early morning and late afternoon 
with 0.5 ml of heparinized saline. 

Two days after surgery, a blood sample (0.5 ml) was ob- 
tained between 0800-1000 hours while rats were undisturbed 
in their home cages. After each blood sample was collected, 
an equal volume of heparinized saline (100 U/ml) was slowly 
infused back into the catheter. Each animal was then as- 
signed to one of two different stress treatments: transfer to a 
different cage or immobilization. Rats were placed into a 
cage that was identical in size to the home cage and that 
contained a layer of clean bedding material. Two minutes 
after transfer, a blood sample was collected. Other rats were 
immobilized in a prone position [21] for 30 minutes, at which 
time a blood sample was collected. If the catheter was not 
flowing freely, a basal sample was obtained but the animal 
was not included in the transfer or immobilization experi- 
ments. 

Immediately after the stress treatments, rats were re- 
turned to their home cages and remained undisturbed until 
the following day. Some rats were then decapitated and the 
first milliliter or the total volume of blood was collected from 
the trunk. 

All blood samples were collected into iced heparinized 
tubes and centrifuged at 5,000 x g at 4°C for 10 minutes. A 
200 yl aliquot of cell-free plasma was removed and proteins 
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FIG. 1. Basal plasma levels of norepinephrine and epinephrine in DS 
and DR rats fed diets containing low or high concentrations of salt. 
Values are means for groups of 16-25 rats. Vertical bars denote 1 SE 
of the mean. 


were precipitated with an equal volume of 0.6 N HCIQO,. 
After centrifugation, a 200 yl aliquot of the clear supernatant 
was removed and stored at —20°C until assayed for content 
of NE and EPI within 2 weeks. NE and EPI were assayed by 
a radioenzymatic-thin layer chromatographic procedure as 
described previously [10, 29, 38]. The sensitivity of these 
assays (values equal to twice the perchloric acid blanks) was 
less than 7 pg for both catecholamines. 

A 2x2 analysis of variance and Student’s t-test for paired 
or unpaired samples as appropriate were used for statistical 
analysis [34]. Results are expressed as means+SE and sam- 
ple sizes are indicated in each figure and table. 


RESULTS 


Mean systolic blood pressures for DS and DR rats fed low 
or high salt diets are presented in Table 1. When fed a diet 
low in salt, DS rats had a significantly higher mean systolic 
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FIG. 2. Increments above basal values in plasma levels of norepi- 
nephrine and epinephrine for DS and DR rats 2 minutes after trans- 
fer to a different cage. Rats were fed either low or high salt diets. 
Values are means for groups of 4-6 rats and vertical bars denote | 
SE of the mean. 


blood pressure compared to similarly-fed DR rats, 7(14)= 
2.49, p<0.05, although both values were well within the 
normotensive range. When provided with a high salt diet, DS 
rats evinced a dramatic increase in systolic blood pressure, 
t(14)=3.91, p<0.01, while DR rats remained normotensive 
(Table 1). 

As summarized in Figure 1, basal plasma levels of NE and 
EPI were similar in DS and DR rats while undisturbed in 
their home cages (p >0.20). In addition, increases in dietary 
salt had no significant effect on plasma NE or EPI in rats of 
either line (p>0.10). 

Increments above basal values in plasma levels of NE 
following transfer of rats to a different cage were greater in 
DS rats fed a high salt diet compared to DS rats fed a low salt 
diet, 1(10)=2.24, p<0.05. In contrast, transfer-induced in- 
crements in plasma EPI were not significantly different for 
the four line-diet groups (Fig. 2). 
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FIG. 3. Increments above basal values in plasma levels of norepi- 
nephrine and epinephrine for DS and DR rats following 30 minutes 
of forced immobilization. Rats were fed either low or high salt diets. 
Values are means for groups of 4-5 rats and vertical bars denote | 
SE of the mean. 
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The intense stress of immobilization for 30 minutes was 
attended by significant 1.3-7 fold increments above basal 
values in plasma levels of both catecholamines for DS and 
DR rats. The immobilization-induced increments in plasma 
levels of NE but not EPI were greater for DS rats compared 
to DR rats, F(1,15)=6.77, p<0.05. In addition, there was a 
significant interaction between line and diet in affecting 
immobilization-induced increments in plasma NE, F(1,12) 
=4.81, p<0.05, and EPI, F(1,12)=14.5, p<0.01. Mainte- 
nance of DR rats on a high salt diet resulted in increased 
release of NE and EPI into plasma during immobilization 
compared to DR rats fed a low salt diet. In contrast, DS rats 
fed a high salt diet released lesser amounts of NE and EPI 
into plasma in response to the stress of immobilization com- 
pared to DS rats fed a low salt diet (Fig. 3). 

In the first milliliter of trunk blood collected by decapita- 
tion, plasma NE was significantly lower in DS rats fed a high 
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FIG. 4. Plasma levels of norepinephrine and epinephrine in the first 
milliliter (ml) of trunk blood collected from decapitated DS and DR 
rats that were fed a diet containing low or high concentrations of 


salt. Values are means for groups of 6 rats and vertical bars denote 1 
SE of the mean. 


salt diet compared to all other groups (p<9.05). The salt 
content of the diet did not alter plasma levels of NE in DR 
rats when measured in the first milliliter of trunk blood. This 
difference between lines resulted in a significant interaction 
between line and diet with respect to plasma levels of NE in 
the first milliliter of trunk blood following decapitation, 
F(1,20)=4.96, p<0.05. In contrast, there were no differences 
among the 4 line-diet groups in plasma levels of EPI follow- 
ing decapitation (p >0.10) (Fig. 4). 

There was a significant effect of diet on levels of plasma 
catecholamines in the total volume of trunk blood. Rats of 
both lines that were fed a high salt diet had lower levels of 
NE, F(1,28)=5.64, p<0.05, and EPI, F(1,28)=9.55, p<0.01, 
in plasma when compared to rats that were fed a diet low in 
salt (Fig. 5). 
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FIG. 5. Plasma levels of norepinephrine and epinephrine in the total 
volume of trunk blood collected from decapitated DS and DR rats 
that were fed a diet containing low or high concentrations of salt. 


Values are means for groups of 8 rats and vertical bars denote 1 SE 
of the mean. 
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DISCUSSION 


The Dahl lines of salt-sensitive and salt-resistant rats dif- 
fer dramatically in their physiological responses to a high salt 
diet. DR rats remain normotensive on both low and high salt 
diets while DS rats present dramatic elevations in systolic 
blood pressure when fed a high salt diet. Although the exact 
mechanism(s) responsible for this genetic difference in the 
sensitivity to a high salt diet is unknown, the kidneys do 
appear to play an important role. Studies by Dahl and his 
co-workers [5, 7, 8] indicated that DS rats that received 
transplanted kidneys from DR rats did not become hyper- 
tensive when fed a high salt diet. In contrast, DR rats that 
received transplanted kidneys from DS rats did become 
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hypertensive on a high salt diet. More recent experiments 
have shown that DS rats differ from DR rats in their ability to 
excrete sodium [37] and to regulate renal vascular resistance 
[11]. 

Evidence from other studies suggests that the sympa- 
thetic nervous system plays a role in the development of 
salt-induced hypertension in DS rats. For example, destruc- 
tion of peripheral nonadrenergic nerve endings by repeated 
administration of guanethidine [14] or by injections of 
6-hydroxydopamine [35] prevented the development of high 
blood pressure in DS rats fed a high salt diet. 

In the present study, there were no significant effects of 
line or diet on basal plasma levels of NE and EPI in blood 
samples obtained by a chronic arterial catheter. This finding 
indicates that basal sympathetic-adrenal medullary activity 
does not differ between DS and DR rats and is unaffected in 
rats of both lines by increases in dietary content of salt. 
Similarly, the number and affinity of B-adrenoceptor binding 
sites on cardiac membranes did not differ between DS and 
DR rats on low or high salt diets [33]. Previous studies from 
this laboratory have shown that basal plasma levels of NE 
and EPI also do not differ between spontaneously hyperten- 
sive (SHR) rats and Wistar-Kyoto (WKY) normotensive rats 
[26,27] or between New Zealand genetically hypertensive 
and normotensive rats [24]. 

Because of the extreme sensitivity of the sympathetic- 
adrenal medullary system to a variety of environmental dis- 
turbances [2,20], we compared the sympathetic responses of 
DS and DR rats to several stressful stimuli. These included 
the mild stress of placing rats in an unfamiliar cage, the in- 
tense stress of immobilization, and the total stimulation of 
sympathetic outflow following decapitation. When fed a low 
salt diet, DS and DR rats had similar increments above basal 
values in plasma levels of NE following transfer to a different 
cage. Maintenance on a high salt diet, however, resulted in 
greater transfer-induced increments in plasma NE for DS but 
not for DR rats when compared to their respective low salt 
controls. There were no significant effects of line or diet on 
transfer-induced increments in plasma EPI. 

When subjected to the intense stress of immobilization for 
30 minutes, DS rats had 3-fold greater increments in plasma 
NE and 2-fold greater increments in plasma EPI compared to 
DR rats when both lines were fed a diet low in salt. When fed 
a diet high in salt, rats of the two lines responded differently 
to the stress of immobilization; increments in plasma NE and 
EPI were greater for DR rats but were reduced for DS rats 
when compared to their respective controls on a low salt 
diet. A somewhat similar pattern of results was reported 
recently for heart rate changes during restraint stress in Dahl 
rats. DS rats had greater stress-induced increments in heart 
rate than DR rats when both lines were fed a diet low in salt. 
When fed a high salt diet, rats of both lines had similar re- 
ductions (approximately 20-30%) in the magnitude of heart 
rate increments during restraint [23]. We are unable at pres- 
ent to explain why DR rats release greater amounts of both 
catecholamines during immobilization but have an at- 
tenuated heart rate response to restraint stress. Assuming 
that immobilization and restraint are equivalent stressors, 
differences between lines in parasympathetic tone to the 
heart may be involved. 

In this study, we did not determine blood pressure and 
heart rate responses of DS and DR rats to transfer and im- 
mobilization stress. However, no correlation was found be- 
tween basal values of plasma catecholamines and blood 
pressures of undisturbed DS and SR rats. A similar lack of 
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correlation between basal plasma levels of catecholamines 
and blood pressure has been reported in studies with SHR 
and WKY rats [26] and in studies with New Zealand hyper- 
tensive and normotensive rats [24]. 

Measurement of plasma catecholamines in blood obtained 
by decapitation reflects the massive discharge of the sympa- 
thetic nerves which attends the elimination of spinal cord 
inhibitory influences [30,31]. In the first milliliter of trunk 
blood collected by decapitation, plasma levels of NE were 
lower in DS rats fed a high salt diet compared to DS rats on a 
low salt diet or to DR rats fed either diet. This finding is in 
marked contrast to an earlier study from our laboratory on 
plasma levels of adrenomedullary catecholamines and their 
biosynthetic enzymes in DS and DR rats [32]. Compared to 
DS rats on a low salt diet, DS rats fed a high salt diet had 
increases in the activities of tyrosine hydroxylase (TH) and 
phenylethanolamine-N-methyl transferase (PNMT) and the 
catecholamine content of the adrenal medulla. A dramat- 
ically different response to an increase in dietary salt was 
noted for DR rats, with decreases in the activities of TH and 
dopamine-B-hydroxylase and the catecholamine content of 
the adrenal medulla compared to DR rats on a low salt diet. 
However, previous studies from this laboratory have shown 
that levels of adrenal catecholamines and their biosynthetic 
enzymes did not correlate positively with the release of cate- 
cholamines into the circulation following footshock stress, 
immobilization or decapitation of rats from two inbred 
strains [15, 16, 25]. When the size of the releasable pool of 
catecholamines was estimated by measurement of plasma 
NE and EPI in the total volume of trunk blood collected after 
decapitation, DS and DR rats had similar levels of plasma 
NE and EPI when fed a diet low in salt. Maintenance on a 
high salt diet appeared to reduce the size of the releasable 
pool of catecholamines in rats of both lines. In addition, 
other mechanisms, such as the rates of metabolism, uptake 
and excretion of catecholamines may determine in part 
levels of catecholamines in plasma following decapitation or 
exposure to stress. 

Our results suggest, therefore, that basal sympathetic- 
adrenal medullary activity is similar in DS and DR rats when 
fed diets containing low or high amounts of salt. The re- 
sponsiveness of the sympathetic nervous sytem to transfer 
or immobilization stress may be modulated by genetic vari- 
ables and by the salt content of the diet. Levels of NE and 
EPI were reduced in the total volume of trunk blood col- 
lected by decapitation in DS and DR rats when fed a diet high 
in salt. This finding suggests that increases in dietary salt 
reduced the total amount of peripheral catecholamines avail- 
able for release in rats of both lines. Taken together, our 
results indicate that dietary salt content and genetic factors 
are important in regulating basal and stress-induced in- 
creases in sympathetic-adrenal medullary activity. In addi- 
tion, our results are not suggestive of a critical role for the 
sympathetic nervous system in the maintenance of elevated 
blood pressures in DS rats fed a diet high in salt. 
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TANG, M., R. GANDELMAN AND J. L. FALK. Amelioration of genetic (SHR) hypertension: A consequence of earl 
handling. PHYSIOL. BEHAV. 28(6) 1089-1091, 1982.—The blood pressures of genetically hypertensive, adult rats (SHR 
strain) were decreased significantly (30 mm Hg) by having been handled each day as preweanlings, while contro! animals 
(WKY strain) were not. The demonstration that early postpartum manipulation of SHR rats can result in a lowered adult 
level of blood pressure may have implications for the participation of early environmental conditions in the degree of 


development of this form of essential hypertension. 


Hypertension Blood pressure Early handling 


ADDITIONAL, early stimulation, such as handling, pro- 
vided during the neonatal period can affect later physiolog- 
ical and behavioral development. For example, animals 
handled during various portions of their preweaning period 
show an advancement of puberty [21], increased weight [6], 
a more rapid maturation of several physiological systems 
[1,17], and greater resistance to disease [3,18]. Further, 
handled animals have a significantly smaller rise in cortico- 
sterone level in response to mild stressors, such as shock or 
placement into a novel environment, than do their nonhan- 
dled counterparts [2, 8, 11]. This latter finding has been in- 
terpreted as a decreased reactivity [7] brought about by early 
stimulation and suggests that early handling might be effec- 
tive in attenuating the development of hypertension in spon- 
taneously hypertensive rats. Genetically hypertensive rats of 
the Okamoto strain (SHR) subjected to various stressors 
(e.g., immobilization) respond with greater increases in cir- 
culating levels of hormones such as norepinephrine, epi- 
nephrine, aldosterone and corticosterone than do nor- 
motensive control animals [14,20]. Further, SHR rats exhibit 
a marked vasoconstrictor hyperresponsiveness to both nor- 
epinephrine and barium chloride [16]. The present investiga- 
tion evaluates the effect of early stimulation on both SHR and 
Wistar Kyoto (WKY) rats. 


METHOD 
Breeding and Early Treatment 


Each adult male and female pair of SHR rats (Charles 
River Breeding Laboratories, Wilmington, MA) were housed 
together in translucent polypropylene cages (21 x43 x 13 cm), 
as were their normotensive progenitors: WKY rats. When 
the females were visibly pregnant the males were removed 
and the cage floors were covered with pine shavings. From 
this point on until the birth of the pups each female was 
housed individually with unlimited access to food (Purina 





Extra stimulation 


Lab. Chow, pelleted) and water. The animals were kept in a 
temperature- and humidity-controlled room with a 12-hour 
light/dark cycle (lights on 0600-1800 hours). On the day of 
parturition each litter was culled to six male offspring. If a 
litter did not contain the requisite number of males, an ap- 
propriate number of females was included. Half of the litters 
within each strain were assigned to the handled condition, 
thus forming a total of four treatment conditions: SHR- 
handled, SHR-nonhandled, WKY-handled and WKY- 
nonhandled. Handling consisted of removing the litter from 
the home cage and placing each pup into a separate card- 
board container (egg carton) where it remained for 3 min. 
At the end of the 3-min period, the pups were returned to the 
dam. This handling routine was repeated daily throughout 
the 21-day lactation period. Litters in the nonhandled groups 
were left undisturbed during this period of time. 

All animals were weaned on post-parturition day 21, at 
which time all male littermates were transferred into new 
cages where they remained for the duration of the experi- 
ment (a maximum of 4 animals was kept in each cage). Food 
and water were always available and the environmental 
conditions were identical to those described earlier. 


Procedure 

A sample of 6 male animals was selected randomly from 
each of the four treatment conditions for blood pressure de- 
terminations when the animals were between 80-90 days old, 
an age at which both SHR and WKY animals attain stable 
blood pressures [22]. Direct mean arterial pressures and 
heart rates were determined in these animals under pen- 
tobarbital anesthesia; care was taken to ensure that an equal 
number of animals from the handled and nonhandled condi- 
tions had determinations performed on the same day. All 
determinations were made blind, i.e., the experimenter was 
unaware of the treatment condition of each animal. 
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Blood Pressure Determination 


The procedure used for determining direct, mean arterial 
blood pressure was a modified version of the method previ- 
ously reported [9]. The arterial cannula was constructed as 
follows: a blunted, 20-ga needle was inserted into one end of 
a 13 cm length of PE 50 tubing and a 1.5 cm portion of 
blunted 20-ga hypodermic needle stock was connected to the 
other end of the tubing. The needle stock end was inserted 
into the left carotid artery and the needle hub was attached to 
the input of a Narco Biosystems 700-1010 pressure trans- 
ducer through a 3-way valve. Blood pressures were recorded 
with a Narco Biosystems Physiograph (model DMP-4B) viaa 
model 7172 strain gauge coupler and a model 7070 channel 
amplifier. Animals were anesthetized with sodium pen- 
tobarbitol (50 mg/kg, IP). The entire cannulation procedure 
was accomplished within 3 min and recording for each 
animal was continued until blood pressures were stable for 
10 min. 


RESULTS 


The direct mean arterial pressures of adult, spontane- 
ously hypertensive rats were significantly lowered as a result 
of the handling to which they were exposed during the first 
21 days of life. The mean difference in blood pressure be- 
tween the handled and nonhandled groups was 30 mmHg 
(Fig. 1, left panel). An analysis of variance yielded an 
F-value=5.03, d.f.=(1,10), p<0.05. The identical handling 
procedure, however, had no significant effect on the blood 
pressure of the WKY rats (right panel). The mean age, body 
weight and heart rate for these groups on the day of blood 
pressure determination are presented in Table 1. No signifi- 
cant between-group differences were obtained in body 


weights of these animals. Early handling tended to decrease 
the heart rate in the adult SHR animal; the difference was, 
however, quite small (25 beats/min) and not statistically sig- 
nificant. 


DISCUSSION 


While the emergence of SHR hypertension can be aug- 
mented [4, 19, 26] by additional dietary NaCl and environ- 
mental stimuli (e.g., electric shock or daily sessions of im- 
mobilizing restraint), it is of interest therapeutically to de- 
termine factors which inhibit, rather than exacerbate, its ex- 
pression. A number of pharmacological and hormonal ma- 
nipulations are effective in attenuating the development of 
hypertension in SHR animals. Chronic administration of the 
beta-adrenergic blocking agent propranolol to SHR rats 
starting 0-2 weeks post-weaning produced mild amelioration 
in the progress of the hypertension [23, 24, 25]. Upon pro- 
pranolol withdrawal after 12 weeks of treatment blood pres- 
sure rose to the level of untreated animals [23]. Similarly, 
starting with weanling SHR rats, 16-week treatment with the 
angiotensin converting-enzyme inhibitor Captopril retarded 
the increase in blood pressure; termination of the treatment 
allowed the usual level of hypertension to occur [10]. 
Chronic treatment of both male and female SHR rats with 
estradiol ameliorated the development of hypertension; 
however, the effect of treatment discontinuation was not 
evaluated [12,13]. 

Only one study was located in which early manipulation 
of the environment altered the progress of SHR hyperten- 
sion. SHR animals raised in darkness from the second 
postpartum day were retarded in the development of hyper- 
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FIG. 1. Mean+S.E. direct blood pressures of genetically hyperten- 
sive (SHR) and normotensive (WKY) adult rats which were either 
handled (H) or nonhandled (NH) daily for the first 21 postpartum 
days (N=6 each group). 


TABLE | 


MEAN (+S.E.) AGE, BODY WEIGHT AND HEART RATE OF 
ANIMALS IN THE 4 TREATMENT GROUPS TAKEN ON DAY OF 
BLOOD PRESSURE DETERMINATION 





Heart rate 
(beats/min) 


Age Body weight 


Group (days) (g) 





SHR-handled 82.5+ 1.94 284.3 + 5.40 422.: 11.7 
SHR-nonhandled 83.0 + 1.22 275.2 + 8.08 < 11.9 
WKY-handled 81.7+ 0.92 282.0 + 8.41 . 32.4 
WKyY-nonhandled 83.8 + 2.03 286.0 + 8.41 Re 19.5 





tension, but not in body weight, over a 12-week period [15]. 
At the end of this period, however, animals raised in dark- 
ness and those raised on a 50-SO light-dark cycle were 
equally hypertensive. The present study demonstrated that 
an early environmental manipulation (handling) produced a 
long-lasting and possibly permanent effect on the ameliora- 
tion of hypertension in the genetically hypertensive SHR 
strain of rats. This reduction in blood pressure cannot be 
attributed to a current, differential, cardiovascular respon- 
sivity to the pressure-determination procedure due solely to 
early handling: first, no reduction was found as a result of 
handling in WKY animals. Second, blood pressures were 
determined under general anesthesia which precludes a *“‘be- 
havioral hyperreactivity’’ argument. Both weanling and 
adult SHR rats exhibit physiological and hormonal hyperre- 
sponsiveness to various physiological, pharmacological and 
environmental challenges [5, 14, 16, 20]. It is possible that 
early handling ameliorates the development of hypertension 
by occluding one or more of these components of hyper- 
reactivity [2, 7, 8, 11]. 
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LINDMAN, R. Social and solitary drinking: Effects on consumption and mood in male social drinkers. PHYSIOL. 
BEHAV. 28(6) 1093-1095, 1982.—Rates of alcohol consumption and mood development were studied in four male social 
drinkers serving as their own controls: (a) in a real life social drinking situation of the subject's choice, and (b) under 
artificial solitary drinking conditions. Almost twice as much alcohol was consumed during party drinking, while solitary 
drinking was experienced as aversive and failed to induce the euphoric effects reported at the party. Implications for 
tension reduction theory and adjunctive behaviour theory were discussed. 


Alcohol consumption Emotion 
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MOST social drinkers would probably agree that their alco- 
hol consumption will vary with the context in which drinking 
takes place, just as their affective adjustment will vary. Ex- 
perimental interest in the environmental determinants of 
human drinking behaviour is nevertheless fairly recent, the 
state-trait models implied by tension reduction theory (TRT) 
having dominated much of the earlier work [1, 2, 3]. Drinking 
in a natural setting was apparently first studied systemati- 
cally in a Canadian beer parlor [20] where group drinkers 
reportedly consumed twice as much as isolated drinkers. 
The results have since been confirmed [6], with similar 
trends among college students [18], but not with alcoholics 
[9]. In another recent approach, the drinking behaviour of 
confederate models has proved a good predictor of subject 
drinking, suggesting that human alcohol intake can be mod- 
ified by time-dependent external events [4, 7, 8, 10, 12]. But 
even acknowledging the importance of environmental 
events, unexplained issues remain: Why do people initially 
search for surroundings where they can meet for drinking 
[17], thus establishing the conditions where subsequent ex- 
ternal influences can exert their modifying effects? And why 
would group drinkers typically describe the symptoms of 
their intoxication in affective terms, where solitary drinkers 
reportedly choose clinical terms [17]? These are problems 
closely related to levels of subjective experience, and the 
present experiment was designed as a pilot study to investi- 
gate (a) effects of elements characteristically present in a 
real-life social drinking situation, compared to (b) the effects 
of their absence in an artificial solitary drinking situation, on 
rates of intake and concurrent affective adjustment. Be- 
haviour and self-estimated mood changes were studied in 
male moderate social drinkers in a social drinking situation 
of the subject’s own choice, with ad lib access to alcohol, 
and compared with observations made in social isolation 
where alcohol was made available to the same subjects, serv- 


ing as their own controls, in quantities identical to those that 
had been consumed by preference in the party situation. The 
aim of the study was represented to the subjects as a study in 
mood development. 


METHOD 
Subjects 


Four male students volunteered as unpaid subjects. They 
were moderate social drinkers of approximately matched 
drinking habits and 22-25 years of age. 


Procedure 


Pre-experimental. All subjects elected to spend their so- 
cial evening at the local Student Union House where dancing 
and entertainment were available between 7:30 p.m. and | 
a.m. and a generally convivial atmosphere prevailed. The 
subjects were briefed and instructed in the use of the mood 
rating scales. They were also weighed, and baseline Alcome- 
ter readings were obtained. The subjects had been instructed 
to have their normal meals. 

Alcohol administration. Based on body weight, alterna- 
tive doses were available for each subject: “‘single shot’’ (0.2 
g ethanol/kg body weight) or *‘double”’ (0.4 g/kg), in the form 
of Finnish Vaakuna distilled spirit (28% weight/34% volume) 
which was served in 1:3 (v/v) solution with orange juice. 

Social drinking. The subjects were instructed to ask for 
single or double drinks at a rate which they felt would make 
them optimally happy. Individual records were kept of their 
consumption rates, and Alcometer readings were obtained at 
45 min intervals, as were direct magnitude estimates of mood 
change on nine variables. All subjects elected to terminate 
drinking at closing time and were subsequently transported 
home. 
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TABLE | 


MEAN ALCOHOL VOLUMES (28%/34% w/v) CONSUMED UNDER 
SOCIAL AND SOLITARY DRINKING CONDITIONS (ml) 








Mean S.E. t p 
Social drinking 493.7 90.7 > 68 0.075 
Solitary drinking 290.5 26.2 





Two-tailed t-test for paired data (N=4). 


Drinking alone. About one week after the party, the sub- 
jects were invited to the Department of Psychology to par- 
ticipate in the control condition. This extended over the 
same period as each subject’s social evening, i.e., typically 
from 7:30 p.m. to 1 a.m., the critical differences being that 
the time was spent alone in an office-type room, and that 
drinks were not served ad lib but at identical rates and in the 
same quantities that they had been requested in the social 
drinking condition. Refused drinks were left with the sub- 
ject. Radio, TV, and magazines were available, but the ex- 
perimenter engaged in only minimal conversation with the 
subjects while serving drinks, collecting mood estimates, 
and obtaining Alcometer readings. Pre- and postexperimen- 
tal procedures were identical to those in the party condition. 

Mood estimation. The subjects were asked to produce 
subjective estimates of their mood changes at intervals 
throughout each evening. These were obtained by direct 
magnitude estimation for several mood scales, so that the 
state experienced at the time of the first of two consecutive 
estimates was assigned the standard value of 100, allowing 
the estimates to be expressed in terms of a simple percentage 
scale [14,15]. 


RESULTS 

None of the subjects consumed as much alcohol in isola- 
tion as in the party situation, and most consumed consid- 
erably less. The mean volumes are presented in Table 1, 
expressed in ml of Finnish Vaakuna distilled spirit (28% 
w/34% v). 

In spontaneous terms, the social isolation condition was 
described by the subjects as ‘‘unnatural,”’ ‘‘aversive,’’ and 
as “‘not inspiring for drinking.’ These unsolicited im- 
pressions were supported by the mood estimation data, as 
significant euphoric effects were reported in the party situa- 
tion but not in the social isolation condition which typically 
induced below-baseline values instead. The trend is clearly 
shown in Fig. | for the self-estimated changes in subjective 
elation under the two conditions. The means are based on 
data reduced to percentage change relative to a common 
baseline [14] for the first three estimations, when rates of 
alcohol intake were still identical over conditions, with a 
calculated scaling consistency [15] of r=.92 (p<0.001) for the 
series of three estimates. The treatment effect was highly 
significant, F(1,18)=24,76, p<0.001 up to this point, beyond 
which statistical analysis was not extended since systematic 
differences in blood alcohol levels over conditions were in- 
troduced by the increasingly frequent drink refusals by sub- 
jects drinking alone. 
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FIG. 1. Self-estimated changes in subjective elation following the 
first drink under social and solitary drinking conditions. Ordinate in 
percent to baseline 100. 


DISCUSSION 
The results were similar to those observed by others [4] in 
that the mean consumption level was almost doubled (170%) 
in surroundings conducive to social drinking, compared to 
intake when drinking alone. The least satisfying explanation 
of this result is the one provided by TRT: if drinking be- 
haviour were critically determined by the learned avoidance 
of aversive experience [2,3], then social isolation would have 
been expected to induce more drinking, not less. Any 
speculative argument that aversive ‘‘tension’’ must never- 
theless have been present during social drinking seems par- 
ticularly unwarranted in the present case, since it would be 
contradicted by the explicit statements by the subjects. 
Since critical determinants of mood and drinking were 
obviously at hand in the party situation, but absent when 
drinking alone, some explanations based on purely environ- 
mental influences may be considered first. The presence of a 
light drinking or heavy drinking model has been shown to be 
sufficient to alter subject drinking rates correspondingly in 
many experiments [4, 7, 8, 10, 13] and in the presence of 
multiple models, subject drinking matched that of the major- 
ity [7]. The effects of modelling have been found regardless 
of whether the subjects have been informed of the presence 
of models or not [8]. If modelling influences are regarded as a 
way of introducing schedules into a drinking situation, it is 
interesting to note that several activities have been identified 
as schedule-dependent in humans [5, 11, 21, 22, 23, 24], and 
that in an animal study ethanol self-injection behaviour 
which had been induced by schedule was not maintained 
once the schedule was removed [16]. No explicit schedules 
were, of course, identifiable in the present experiment, apart 
from the experiments’ standard activities which were identi- 
cal in both conditions. Any social drinking occasion could 
nevertheless be structured according to subtle schedules, 
dependent on sequences of social events, or even according 
to self-imposed schedules of which the subjects themselves 
may or may not be aware. For this reason the extent to 
which social drinking behaviour might be regarded as essen- 
tially adjunctive to other reinforcing events would appear to 
merit further investigation. 
The notion that alcohol may serve as a reinforcer in the 
sense of the TRT due to pharmacological action also appears 
less likely for another reason. There is consistent evidence 
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that the euphoric effects observed in relaxed surroundings 
can be reversed in clinical and impersonal settings [12,19]. 
The present results agree with these reports, furthermore 
suggesting an interesting linkage between euphoric mood 
and increased drinking. Since the trends for different mood 
developments were established before the first drink refusals 
took place in isolation, i.e., increasing subjective elation at 
the party but decreasing elation in isolation, and elation then 
continued to decline in isolation over the period of com- 
parable drinking, the pharmacological effects were obviously 
insufficient to create either euphoria or an increased desire 
for drinking. Circumstances associated with the social drink- 
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ing situation were apparently necessary for both, and sub- 


jective elation may thus logically have been part of the fac- 


tors that precipitated party drinking. Although euphoria has 
traditionally been regarded as a main consequence of alcohol 
intake, the effects of subjective well-being on intake might 
also prove an interesting subject of study in the light of the 
present results. 
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ROVEE-COLLIER, C. K., B. A. CLAPP, AND G. H. COLLIER. The economics of food choice in chicks. PHYSIOL. 
BEHAV. 28(6)1097-1102, 1982.—Growing chicks offered diets containing either surfeit or inadequate protein in the day but 
adequate protein at night adopted a pattern of nocturnal feeding but did not eliminate diurnal meals. Their weight gain 
surpassed that of corresponding dietary controls who received continuous access to surfeit or inadequate protein but was 
less than that of chicks with continuous access to a standard diet. Chicks receiving the standard diet at night with no food 
available in the light phase also grew but did so at a slower rate than the diurnally feeding control group. The shift in feeding 
patterns was not accompanied by a shift in body temperature, nor was nocturnal antipredator behavior, characterized by 
sustained motoric inhibition, disrupted by nocturnal feeding. These data demonstrate that feeding specializations which 
have been selected over a species’ evolutionary history are not rigidly fixed but can be modified by the economic relations 


in the current habitat. 
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THERE are 8656 living species of birds occupying diverse 
niches all over the world [2]. Of their many adaptive radia- 
tions, those associated with feeding have undergone the 
greatest divergence. While the earliest birds primarily con- 
sumed insects and small animals, today’s species are special- 
ized carnivores, carrion-eaters, fish-eaters, fruit-eaters, 
seed-eaters, pollen- and nectar-eaters, root and leaf eaters, 
and grazers. In spite of these adaptive specializations, how- 
ever, there is still considerable flexibility in feeding behavior 
during ontogeny. Birds that feed exclusively on plant matter 
as adults, for example, may consume insects as fledglings 
when the protein requirement for growth is high [32]. 

Like the rat, the domestic chicken is a generalist omni- 
vore. As such, it is faced with the problem of obtaining a 
balanced diet from items which vary widely in nutritional 
composition and caloric density. Unlike the rat, however, 
the chicken has few taste buds [18], and for many years there 
was considerable controversy as to whether chickens were 
able to distinguish differences in protein levels or to self- 
select a nutritionally adequate diet [9, 14, 34]. Recently, 
Kaufman, Collier and Squibb [19] reported that growing 
chicks, given simultaneous access to a naturally occurring 
high-protein food (soybean oil meal) and a naturally occur- 
ring high-carbohydrate food (ground corn), were able to 
compose diets which yielded growth equivalent to that of 
controls receiving either a balanced diet premixed from these 
components or commercial chick starter. 

In addition to the problem of diet selection, the chicken is 
also faced with the problem of when to feed. Because it is an 
omnivore, its pattern of diurnal feeding is not likely to have 
resulted from a differential availability of particular food 
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Economics Feeding patterns 


Photoperiod 


items during the day. Rather, it is likely that diurnal feeding 
is a strategy which maximizes the benefits of feeding relative 
to feeding costs. For example, the chicken may feed more 
efficiently during the day, given its preponderance of cones 
relative to rods. In addition, predation risk may be lower 
then. Because its eyes are flat and set laterally, the chicken 
has a wide visual field (approximately 300°) which facilitates 
the early detection of predators [8,18]; failing this, it relies on 
other visually-based defenses which are functionally un- 
available at night [8]. 

There have been reports that the daily pattern of feeding 
of some species can be modified by environmental factors. 
Some marine fish shift from nocturnal to diurnal feeding pat- 
terns if food becomes more available in the day [31], and 
nocturnally feeding rats adopt a diurnal feeding pattern if the 
effort required to obtain access to food or water is higher at 
night than during the day [ 25] or if a more palatable diet 
is introduced during the day [27]. While the activity rhythm 
of the lactating dam promotes a diurnal feeding pattern in 
suckling rats, the typical adult nocturnal pattern of solid food 
intake is adopted during weaning [22]. Finally, Hill and Dem- 
chak [15] observed a high incidence of nocturnal feeding by 
some 2-week-old domestic chicks whose light phase had 
been abruptly reduced from 12 to 6 hrs. Other chicks, how- 
ever, responded to the change in the light-dark ratio by al- 
locating more of the light phase to feeding behavior or by 
increasing feeding rate. Their observations [15,22] suggested 
considerable plasticity in the feeding patterns of these very 
young omnivores. 

If diurnal feeding is an optimization strategy rather than a 
physiological necessity, then growing chicks should adopt a 
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TABLE | 


PROPORTIONAL COMPONENTS, BY WEIGHT, OF SIMPLIFIED 
VEGETABLE PROTEIN DIETS 





Protein Content 


Component 





Ground corn meal 

Soybean oil meal 
(48% crude protein) 

DL-methionine 

Mineral mix 

Vitamin mix 


Bomb Calorimeter 
values (kcal/g) 

Metabolizable Energy 
(kcal/g) 





*ME of corn=3.40 kcal/g (average of values in literature). 
+ME of soybean oil meal=2.24 kcal/g (average value). 


pattern of nocturnal feeding when the benefits of eating at 
night outweigh the costs of doing so. The present study was 
designed to address this possibility by exploiting the fact that 
chicks are sensitive to the ratio of protein:carbohydrate in 
their diets as evidenced by the fact that they will compose a 
diet which yields the most rapid growth (16%- to 22%- 
protein; [19]). We sought to increase the cost of diurnal feed- 
ing by making available only a high- or a low-protein diet in 
the day and to increase the benefits of nocturnal feeding by 
making available a diet containing an optimum protein: 
carbohydrate ratio at night. In addition, we assessed the cost 
of nocturnal feeding by comparing the growth of chicks fed 
only at night with that of chicks allowed to exhibit the typical 
diurnal pattern of eating only in the day and fasting at night. 
Because body temperature is closely associated with both 
activity rhythms and feeding periods [5, 10, 26], tempera- 
tures were recorded at the beginning and end of each light 
phase. In addition, because predation pressure has been a 
major factor in feeding specialization [8] and because a pri- 
mary nocturnal predation defense behavior, death feigning, 
is disrupted by dietary manipulations that increase activity 
[24], we assessed the impact of nocturnal feeding on the 
maintenance of nocturnal antipredator behavior. 


METHOD 
Subjects 


Subjects were 164 White Leghorn chicks, obtained from a 
local hatchery on the day of hatch and randomly distributed 
into 3 experimental groups (n=18 each), 3 diet-control 
groups (n=10 each), and 4 handling-control groups (n=6 
each). Diets of the experimental groups contained a different 
protein:carbohydrate ratio during the two phases of the light 
dark cycle, whereas those of the diet-control groups con- 
tained the same ratio throughout each 24-hr period. Chicks in 
the experimental and diet-control groups were handled twice 
daily, but chicks in handling-control groups were not han- 
dled after distribution into rearing cages until antipredation 
(death feigning) tests were initiated 1, 2, or 3 weeks later. 
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Diets 


The high- and low-protein diets were similar to those used 
in the chick diet-selection study of Kaufman et al. [19] as 
well as in previous studies of predation defense behavior in 
chicks [1, 24, 28]. Diets were approximately isocaloric and 
contained balanced vitamins and minerals but differed in the 
protein fraction (8%, 22%, or 45%; see Table 1). They were 
freshly prepared every 3 days. Prior to the initiation of the 
experimental procedures, chicks had ad lib access to a com- 
mercial chick starter (FCA of New Jersey), which contained 
approximately 22% protein. 


Apparatus 


Each group of animals was housed in separate racks of 
standard aluminum chick batteries with side-mounted 
troughs for food and water. The colony and test rooms were 
maintained at 27°C on a 12-hr photoperiod (light onset, 0900 
hr). Tests of antipredator behavior were conducted within 
environmentally-controlled test boxes in an adjacent labora- 
tory (for details, see [29]). Death feigning durations were 
recorded automatically on a Model P2A Gerbrands recorder 
with a chart speed of 12 cm/min. Cloacal temperatures were 
obtained via a YSI telethermometer (Model 43TA; Probe 
Model 423), and weights, via an Ohaus electric scale (Model 
1000). Measures of food intake per cage were not obtained 
because of excessive spillage and food scattering. 


Procedure 


For the first posthatch week, chicks were maintained on 
commercial chick starter. Beginning on Day 8 and continuing 
through Day 22, the food troughs on all racks either con- 


tained one of the prepared diets shown in Table | or were 
empty, depending upon group assignment and time of day. 
Immediately following light onset each day, chicks in the 
three experimental groups were given food troughs contain- 
ing either a high- (45%) or low- (8%) protein diet or no food at 
all for the duration of the light phase. At each daily light/dark 
transition, their food troughs were replaced with troughs 
containing a 22%-protein diet. Identified by their day-night 
diets, respectively, these are the 45-22, 8-22, and NO-22 
groups. Chicks in three of the handling-control groups re- 
ceived an identical dietary manipulation. Chicks in the diet- 
control groups received continuous access to either the 
45%-, 8%-, or 22%-protein diets. At each light/dark transi- 
tion, their food troughs were removed and replaced with full 
troughs containing the same diet. Again defined by their 
day-night protein fraction, these were the 45-45, 8-8, and 
22-22 groups, respectively. The fourth handling-control group 
received continuous access to the 22%-protein diet in this 
fashion (22-22). Immediately following light onset and im- 
mediately preceding light offset, chicks in all experimental 
and diet-control groups were weighed, their body tempera- 
tures were obtained, and their water troughs were filled. 
At weekly intervals and 4-6 hours after light offset on 
Days 8, 15, and 22, six chicks were randomly drawn from 
each experimental and handling-control group for death 
feigning tests in which the experimenter simulated a predator 
[30]. Nocturnal body temperatures were obtained prior to 
each test 6 sec following insertion of the cloacal probe to a 
depth of 2 mm. Immediately thereafter, the chick was man- 
ually restrained for 15 sec in the central arena of the test 
chamber (cf. [29]). Removal of the experimenter’s hand dis- 
rupted a photoelectric beam and initiated the timing of the 
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FIG. |. Growth curves of chicks in groups differentiated in terms of 
the day/night protein fraction received from Days 8-22 posthatch. 
Chicks in the NO-22 group had no food available during the day. 
Curves are based on the daily weights, taken just prior to light offset, 
of 18 chicks per group in all but the 45-45 and 8-8 groups (n=10 
each). 


death feigning response; when the chick stood upright, again 
disrupting the beam, timing stopped. Chicks in handling- 
control groups were tested only once and then discarded. 


RESULTS 
Although groups did not differ on any measure on 
posthatch Day 7, after a week of common ad lib access to 
commercial chick starter (22% protein), separate analyses 
performed over the data of each experimental group and the 
corresponding dietary control group(s) indicated that the in- 
troduction of the dietary manipulations on posthatch Day 8 
had a major impact on growth. The mean effect of diet on 
the daily (p.m.) weights of chicks in the 45-22, 22-22, and 
45-45 groups was significant, F(2,44)=4.02, p<0.02. Com- 
parisons between individual pairs of means ([23], p. 243) 
indicated that chicks in the 22-22 diet-control group weighed 
significantly more overall than chicks in either the 45-45 
diet-control group, /(2)=11.43, p<0.01, or the 45-22 experi- 
mental group, 1(2)=6.59, p<0.05. More importantly, how- 
ever, chicks that received surfeit protein by day but 
adequate protein at night (45-22 group) significantly out- 
weighed chicks with continuous access to a 45%-protein diet 
only (45-45 group), 1(2)=5.78, p<0.05. As can be seen in Fig. 
1, chicks in the three groups grew over the 15-day period of 
the dietary manipulations, F(14,590)= 1294.28, p<0.0001, 
and did so differentially as a function of their dietary condi- 
tion, F(27,590)=15.98, p<0.0001. 
The main effect of diet similarly affected the daily (p.m.) 
and 8-8 groups, 
F(2,45)=41.16, p<0.0001. Comparisons between individual 
pairs of means again showed that the 22-22 group signifi- 
cantly outweighed the 8-8, ¢(2)=31.67, p<0.01, and 8-22, 
1(2)=19.98, p<0.01, groups. Also as before, malnourished 
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FIG. 2. Weight gains and losses, in grams, during the light (white 
portion) and dark (shaded portion) phases, of chicks with access to 
diets containing surfeit (45%) or inadequate (8%) protein in the day 
but adequate protein (22%) at night (dotted and dashed lines, re- 
spectively) and of a group with access to adequate protein during 
both phases of the light cycle but which fasted nocturnally (22-22 
solid lines) 


chicks with access to a 22%-protein diet at night (8-22) signif- 
icantly outweighed the diet-control group with access to an 
8%-protein diet only for 24 hrs/day (8-8), (2)=15.54, p<0.01. 

Figure 2 shows the diurnal (white portion) and nocturnal 
(shaded portion) weight gain and loss of these two experi- 
mental groups (8-22, 45-22) and of the adequately nourished 
diet-control group (22-22). Shifts in the distribution of feed- 
ing of these groups were determined by analyzing their night 
day weight change ratios (cf. [27]). Although all groups con- 
tinued to gain weight predominantly in the day, by feeding 
nocturnally chicks that were malnourished by day managed 
to minimize their nocturnal weight loss relative to that of the 
adequately nourished chicks who fed diurnally (22-22). The 
night/day ratio of the 45-22 group differed significantly from 
that of chicks in the 22-22 control group, F(1,34)=6.07, 
p<0.01, and differences in the night/day ratios of the two 
groups, became more pronounced over days, F(13,442) 
=5.09, p<0.0001. Although the more severely malnour- 
ished chicks in the 8-22 group fed predominantly in the 
day overall, their feeding pattern diverged significantly over 
days from that of the 22-22 group, F(13,442)=3.84, 
p<0.0001. As seen in Fig. 2, on posthatch Day 1|1 neither of 
the malnourished groups with nocturnal access to a standard 
diet lost weight at night, and on Days 17 and 20, chicks in the 
45-22 group actually gained weight at night. Inspection of 
individual data showed that some chicks in each of the mal- 
nourished groups gained weight almost every night, but none 
of the chicks in the 22-22 group did so. 
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FIG. 3. Fluctuations over successive 12-hr light/dark periods of 
chicks with no access to food during the day but with access to a 
standard 22%-protein diet at night (NO-22) and diurnally-feeding 
chicks with access to the standard diet during both phases of the 
light/dark cycle. The a.m. weights reflect the weight changes which 
resulted in the preceding dark phase; p.m. weights reflect the 
changes which occurred during the preceding light phase (n= 18 per 
group). 


Chicks with no food in their troughs during the day but 
with the standard diet in their troughs at night (NO-22) 
weighed significantly less overall than chicks allowed to feed 


diurnally (22-22), F(1,35)=115.22, p<0.001. Their daily 
weights (Fig. 1) did not differ from those of chicks in the 8-8 
diet-control group (Duncan’s multiple range test, p>0.05). 
Over the 15-day observation period, chicks in both groups 
(NO-22, 22-22) grew, F(14,474)=776.96, p<0.0001, but the 
group that fed nocturnally grew more _ slowly, 
F(14,474)=50.89, p<0.0001. 

The night/day weight swings of the two groups are de- 
picted in Fig. 3. As can be seen, chicks who received no food 
at all in the day maintained their initial body weights for 
several days and then grew, but at a slower rate than the 
corresponding diet-control group, F(13,442)=2.13, p<0.01. 
The main effect of dietary condition on the night/day ratios 
confirmed that the relative weight swings of the group feed- 
ing nocturnally were significantly greater than those of the 
diurnal feeders, F(1,34)=83.47, p<0.0001 (see Fig. 3). This 
shows that there is, in fact, a ‘“‘cost’’ to nocturnal feeding. 
For every 10 g gained in the day, chicks in the 22-22 group 
lost 3 g at night; in contrast, for every 10 g gained at night, 
chicks in the NO-22 group lost almost 5 g during the day. 
Thus by feeding diurnally, chicks were able to conserve 20% 
more of their weight gain. 

One reason for this is suggested by the daily body tem- 
peratures (see Fig. 4). In all experimental groups, body tem- 
peratures were lower at night (nocturnal temperatures were 
taken on posthatch Days 8, 15, and 22), than immediately 
after light onset, and were lower after light onset than at the 
conclusion of the light phase prior to light offset (all 
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FIG. 4. Body temperatures (T,,) of experimental groups (NO-22, 
8-22, and 45-22) and of a standard diet-control group (22-22). The 
a.m. and p.m. body temperatures were obtained immediately after 
light onset and before light offset, respectively. Temperatures sam- 
pled during the dark phase were obtained 4-6 hrs after light offset 
and prior to death feigning tests on posthatch Days 8, 15, and 22 
from 12 chicks in each dietary condition. 


p’s=0.05). Body temperatures of the groups differed only at 
the end of the light phase (p.m. temperature), when chicks 
without access to food (NO-22) had significantly lower tem- 
peratures overall than chicks in all but the 45-22 group 
(p =0.05), whose body temperatures are characteristically 
low [7,16]. 

Although the reduction in body temperature during a 
period of restricted food access is common [5,28], the eleva- 
tion of body temperature relative to that characteristic of 
nocturnally fasting chicks suggests that diurnal fasting is 
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metabolically less efficient. Whether this was a direct conse- 
quence of the light, resulted from an asynchrony of previ- 
ously entrained rhythms, or resulted from light-induced ac- 
tivity cannot be ascertained from the present study. Body 
temperatures of the NO-22 group and of the other noctur- 
nally feeding groups did not shift, indicating that feeding and 
body temperature rhythms, although they typically coincide, 
are not necessarily tightly coupled (see also [35]). In this 
respect, the present data differ from those of Panksepp and 
Krost [27], who found that body temperatures of rats as- 
sumed a diurnal pattern when rats adopted a diurnal feeding 
pattern (see also [21]). 

Because death feigning, a nocturnal antipredator behav- 
ior, is typically attenuated by repeated handling [11, 13, 33], 
necessitated here by daily data collection, the effect of noc- 
turnal feeding on antipredator behavior was also assessed in 
nonhandled groups of chicks in the three experimental diet 
conditions (8-22, 45-22, NO-22) and in a 22-22 diet-control 
group. While handling did exert the expected effect on log 
duration of death feigning, F(1,40)=9.82, p<0.003, log dura- 
tions of chicks in the four dietary conditions did not differ. 
This indicates that normal nocturnal predation defense be- 
havior, which is not visually based, is not imperiled by noc- 
turnal feeding. Moreover, it is interesting that the log dura- 
tions of chicks with access to an adequate protein diet at 
night were relatively lengthy, atypical of the abbreviated du- 
rations characteristic of malnourished [12,24] or deprived 
chicks [20,28]. 

Magladery er al. [24] had hypothesized that feeding activ- 
ity may be incompatible with death feigning, contributing to 


the relatively brief death feigning durations characteristic of 


the postdawn period in chicks. The present data are not 
consistent with this view. Nocturnal feeders had as lengthy 


durations of death feigning as did diurnal feeders when both 
were tested at night. Thus death feigning appears to have 
been selected by nocturnal predation pressures and is rela- 
tively less plastic at night. 


DISCUSSION 


The present data demonstrate that growing chicks, like 
the rat, have a feeding strategy that adapts them to feed 
efficiently at a particular time in their light cycle, but also 
like the rat [27], their feeding strategy is flexible and perimits 
them to take advantage of the current structure of their 
habitat. Also, like the rat and many other omnivores, grow- 
ing chicks are able to compose an adequate diet over 24-hr 
periods. 

Had chicks in the two malnourished experimental groups 
consumed the standard protein diet at night only, their 
growth would have been no better than that of the most 
undernourished diet-control group (8-8), which fed diurnally 
and fasted at night (see Fig. 1). Chicks in both the 8-22 and 
45-22 groups improved upon this condition by eating diets 
containing abnormal proportions of carbohydrate or protein, 
respectively, in the day and supplementing their diets with 
the alternative component nocturnally. Also, by diluting 
their diurnal diets with either protein (8-22) or carbohydrate 
(45-22) at night, chicks were able to achieve a more favorable 
protein:carbohydrate ratio and facilitate growth relative to 
what would have been predicted had they eaten only in the 
day. The ability of chicks to compose a 24-hr diet from an 
8%- or a 45%-protein fraction and a 22%-protein fraction that 
were available during successive 12-hr periods confirms that 
growing chicks are sensitive to the protein:carbohydrate 
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ratio [19]. Although chicks did not achieve normal growth 
under the present selection regimen, which required active 
feeding in both phases of the light cycle, they grew better 
than nonselecting chicks with continuous access to diets 
containing an inadequate protein:carbohydrate ratio or with 
access to a standard diet at night only. 

The gain-loss patterns of the NO-22 and 22-22 groups 
were particularly interesting. Magladery er al. [24] previ- 
ously reported that week-old chicks typically lose approx- 
imately 1% of their body weight per hr over a 12-hr depriva- 
tion period. Here we see that chicks who were unable to 
anticipate a fasting period abruptly imposed upon them by 
the experimenter simply stopped growing for several days, 
but were able to attenuate weight loss such as that described 
by Magladery er a/. for similarly aged chicks by feeding noc- 
turnally. This was undoubtedly facilitated by the fact that 
chicks were accustomed to the position of their feeders, and 
did not have to learn where to find food. As they became 
accustomed to the change in food availability, however, they 
actually consumed more at night than chicks in the 22-22 
group consumed in the day, partially offsetting their greater 
weight loss in the day relative to the smaller weight loss of 
the 22-22 group at night. Because chicks feeding diurnally- 
only or nocturnally-only on the 22%-protein diet did not 
grow equivalently, it is likely that there are other costs asso- 
ciated with nocturnal feeding that reduce its efficacy as an ex- 
clusive strategy (see Fig. 3). These costs do not appear to be 
related to predation or to the visual adaptations which favor 
diurnal feeding, and may reflect the fact that chicks are inef- 
ficient in conserving energy when fasting during the light 
phase. 

The problem facing any omnivore is to select from the 
food items available, a diet which yields both adequate calo- 
ries and balanced nutrients. Both types of regulation have 
been repeatedly demonstrated. For example, when diets are 
diluted with inert substances (celluflour, kalolin, water, etc.) 
animals compensatorily increase total intake, defending cal- 
ories (e.g., [17]). On the other hand, omnivores offered a 
choice between food items that vary in the ratio of protein to 
energy will choose among them in such a fashion as to com- 
pose a diet containing the required amounts of protein and 
energy [1, 6, 16, 19]. It is not always possible to solve these 
two problems (calories and nutrients) simultaneously, and 
some compromise must be struck. It has never been reported 
that an animal will exceed its caloric requirements in order to 
procure an adequate amount of some nutrient. On the other 
hand, offering animals diets with surfeit or inadequate nutri- 
ents typically results in a reduction of total caloric intake [1, 
6, 16]. The present results show that chickens can exercise 
another strategy. Although they are known as obligate diur- 
nal feeders, if faced with either a caloric or a nutritional 
deficit that can be ameliorated by feeding nocturnally, they 
will do so. Finally, it should be pointed out that while this 
strategy increases survivability, it does so at the expense of 
feed efficiency. 
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KYLE, A. L. AND R. E. PETER. Effects of forebrain lesions on spawning behaviour in the male goldfish. PHYSIOI 
BEHAV. 28(6) 1103-1109, 1982.—Lesions were stereotaxically placed in medial nuclei of the ventral telencephalon and 
preoptic area of male goldfish. Only lesions in the area ventralis telencephali pars supracommissuralis (Vs) and posterior 
pars ventralis (pVv) were effective in reducing the proportion of males spawning, as compared to sham groups, both 5 days 
(Experiment 1) and up to 4 weeks (Experiment 2) postoperatively. Spawning consistency over 7 weekly tests was nega- 
tively correlated with the volume of Vs-pVv destruction. Two-thirds of Vs-pVv lesioned males spawned on at least one of 
their weekly tests, with latencies for the onset of each courtship behaviour similar to those of control fish; partial 
performance of the spawning sequence was rare. These results suggest that lesion of the supracommissural telencephalon 
(Vs-pVv region) blocks the initiation of spawning behaviour in the male goldfish, perhaps by lowering reproductive 
motivation specifically or by interfering with the perception of sexual, particularly olfactory, cues. 


Brain lesions Goldfish Male sexual behaviour 


RELATIVELY little is known about the neural substrates 
controlling male spawning behaviour in fish. In other verte- 
brates, central nervous sites that are major integrative areas 
for the potentiation of male sexual behaviour are activated 
following the binding of sex steroid hormones, thus ensuring 
synchrony between physiological and behavioural readiness 
for reproduction. Several brain areas that concentrate sex 
steroid hormones have been autoradiographically identified 
in four species of teleosts [7, 10, 22, 23]. The tuberal hypo- 
thalamus, preoptic area, and ventral telencephalon were the 
most consistently identified sites, a pattern observed 
throughout the vertebrates [24,31]. The stimulatory effects 
of systemically administered androgens on the spawning be- 
haviour of male teleost fishes [15, 17, 28, 48] suggests that 
some of these sex steroid-concentrating brain areas may play 
an important role in reproductive behaviour. 

Two sex steroid-concentrating areas, the preoptic area 
and telencephalon, have been implicated in the control of 
reproductive behaviour in fish. Preoptic electrical stimula- 
tion of male sunfish (Lepomis) evoked some components of 
reproductive behaviour [10,12] and central nervous stimula- 
tion of sunfish and goldfish defined a sperm release pathway 
running from the preoptic area to the rostral spinal cord 
[11,13]. Large lesions of the nucleus preopticus blocked the 
neurohypophysial hormone-induced ‘‘spawning reflex’’ of 
killifish (Fundulus heteroclitus) [29], although the hormonal 
site of action is probably not in the brain [36,38]. It should 
also be noted that neurohypophysial hormones produce a 
‘*spawning reflex’’ only in cyprinodonts, and the relevance 
of this induced reflex to the natural sequence of spawning 
behaviour is unclear [46]. The preceding information and the 
involvement of the medial preoptic area and anterior hypo- 
thalamus in the regulation of male sexual behaviour in 
mammals [26], birds [16], reptiles [S, 30, 51], and amphibians 


Spawning 


[42, 49, 50], have led to the suggestion that the preoptic area 
may be a homologous neuroanatomical substrate for male 
sexual behaviour in all vertebrates [21,30]. 

Ablation of the telencephalon causes major deficiencies in 
spawning and other behaviours of many teleosts [6,9]. The 
elimination of spawning by telencephalon ablation in the 
male paradise fish (Macropodus opercularis) was not due to 
perceptual or motor deficits, incompatible social responses 
[20], or lowered nonspecific social arousal, suggesting that 
the telencephalon specifically facilitates the activation of re- 
productive behaviour [19]. Moreover, localized lesions of 
the dorsal telencephalon, which appear not to have de- 
stroyed the more ventral sex steroid-concentrating cells, 
were relatively ineffective in reducing sexual behaviour 
when compared to total telencephalon ablation in 
sticklebacks (Gasterosteus aculeatus) [44] and Siamese 
fighting fish (Betta splendens) {8}. 

The present study examines, for the first time, the effects 
on spawning behaviour of lesions placed stereotaxically in 
and adjacent to the sex steroid-concentrating areas of the 
ventral telencephalon and preoptic area of the male goldfish 
(Carassius auratus). Preliminary results of this study have 
been reported [25]. 


GENERAL METHOD 


Animals and Maintenance 


Goldfish were purchased from Grassyfork Fisheries Co., 
Inc., Martinsville, IN and kept for various times in 1000 or 
3500 litre flowing-water tanks, at 13+1°C, under a simulated 
(Edmonton) photoperiod. Mature male goldfish, identified 
by the presence of pectoral tubercles and expressible milt, 
were moved to 150 or 225 litre flowing-water tanks and held 
at 20+ 1°C, under a 16 hr light and 8 hr dark photoperiod, for 
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at least two weeks before and during all experiments. Fish 
were fed daily ad lib with commercial food (Ewos pellets). 


Behavioural Testing Procedures 


Production of stimulus females. Normally, spawning be- 
haviour in the goldfish follows ovulation in the spring; how- 
ever, as difficulty was experienced in producing sufficient 
numbers of ovulated females throughout the year, we 
routinely used intramuscular injections of prostaglandin F, 
alpha (PG; 200 ng/g body weight) to produce sexually active 
females [45,47]. Stacy [46] has shown that male goldfish do 
not discriminate between ovulated and PG-treated females. 

Preoperative selection of males. Groups of no more than 
three male goldfish were placed in 65 litre glass aquaria at 
20°C that contained several bundles of floating, artificial 
plants, which served as a spawning substrate, and one or two 
sexually receptive females, injected 30 min previously with 
PG. Only animals that showed vigorous courtship activity 
within 30-40 min were selected for use in subsequent exper- 
iments. 

Postoperative tests. Experimental male goldfish were 
placed individually in aquaria containing a single PG-injected 
female and artificial plants, as described above, and were 
observed until spawning was seen or for 90 min. If no court- 
ship activity was seen within 60 min, a stimulus male that 
was known to be sexually active was added to the aquarium, 
allowing courtship and spawning to occur during the last 30 
min of the test. Spawning of the stimulus male and female 
served to verify the receptive state of the female and pro- 
vided conditions that are often a strong courtship incitement 
for male goldfish (unpublished observations). The onset 
latencies for three aspects of courtship behaviour, defined 
below, and spawning were recorded to the nearest min. Fol- 
lowing the behavioural test, fish were returned to the holding 
tank; only at this time was the identity of each animal re- 
corded. 

Behavioural categories. The following four components 
of male sexual behaviour, modified from Partridge et al. [35] 
were defined: ‘‘following,’’ ‘quivering,’ ‘“‘rising,”” and 
‘*spawning.” *‘Following”’ is a persistent orientation of the 
male towards the female, usually with his head positioned 
against the female’s ovipore; it often involves rapid pursuit 
of the female and is interspersed with bouts of *‘quivering.” 
**Quivering’’ consists of rapid, laterally vibrating move- 
ments of the male’s body against the side of the female, 
which bring the tubercles of the operculum and pectoral fins 
into contact with her side and belly. ‘Rising’ and *‘spawn- 
ing’’ behaviours are initiated by the receptive female, who 
approaches the floating vegetation in a characteristic head- 
up posture. If the male accompanies her, then a “‘rise”’ is 
scored. ‘‘Spawning’’ proceeds from the ‘‘rise’’ position; the 
pair roll over on their sides and describe an arc through the 
water, with the male always positioned on the inside of the 
curve, underneath the female. At the peak of the arc, a vig- 
orous flip of their tails coincides with egg and milt release, 
although the release of the latter cannot easily be seen. Dur- 
ing the “‘spawning’’ of an unovulated, PG-injected female, 
eggs are, of course, not released. 


Lesioning Procedure 


Electrodes, made of size 0 insect pins insulated to within 
0.5—0.6 mm of the tip, were stereotaxically positioned in var- 
ious medial nuclei of the ventral telencephalon or preoptic 
area, using the method described by Peter and Gill [37]. 
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Brain lesions were made with a Grass radiofrequency 
lesion-maker, model LM4, set at 90 (Experiment 1) or 65 
(Experiment 2) volts for 30 sec. Sham lesions were produced 
in an identical manner, except that no current was applied to 
the electrode. Sham operations consisted of exposure of the 
brain surface without placement of the electrode. All surgery 
was done under 0.1% tricane methanesulfonate anesthesia. 
Animals were identified by a numbered tag attached to the 
operculum. The average weights (mean+S.E.) were 
28.7+0.7 g for fish in Experiment | and 36.2+1.4 g for those 
in Experiment 2. 


Tissue Samples 


At the end of each experiment, fish were anesthetized and 
killed; brains were removed for histological analyses and 
testes for determination of the gonadosomatic index 
(GSI=gonad weight x 100/total body weight). Brains were 
fixed in Bouin’s solution, embedded in paraffin, sectioned at 
a thickness of 7 wm, stained with paraldehyde fuchsin, and 
counterstained with acid fuchsin, Ponceau xylidine, and 
fast-green. The perimeter of the lesioned area for each fish 
was drawn on a reference series of cross-sectional brain out- 
lines taken from the atlas of Peter and Gill [37]. The percent- 
age of the nuclear volume destroyed was estimated by cal- 
culating the ratio of the lesioned area within a specific nu- 
cleus to the total area occupied by that nucleus on the refer- 
ence series of brain outlines. 


EXPERIMENT | 


METHOD 


One or two days after their preoperative behavioural test, 
sexually active male goldfish were assigned to one of three 
treatment categories: brain lesion, sham lesion, or sham op- 
eration, and the appropriate surgery was performed. A total 
of five different electrode locations were used, two in the 
preoptic area and three in the ventral telencephalon. The fish 
were retested for spawning behaviour five days postopera- 
tively and killed two days later for removal of brains and 
testes. This protocol was followed for 8 groups of 10-15 fish, 
from October until early February. Each group included le- 
sion and sham treatments for two of the five electrode loca- 
tions, and each electrode location was repeated across two 
or three groups to increase the sample size. Data from any 
animal whose lesion either failed to be formed or was exces- 
sively large or misplaced were excluded from subsequent 
analyses. The final sample sizes were 38 brain lesioned, 34 
sham lesioned, and 10 sham operated male goldfish. 


RESULTS 


From the results of their postoperative behavioural test, 
all but one fish could be readily assigned to either *‘spawn- 
ing’’ or “‘nonresponding’’ categories, as they either dis- 
played the full sequence of courtship and spawning activity, 
or failed to respond to the stimulus female. The exception, a 
sham lesioned male that displayed vigorous courtship be- 
haviour but failed to ‘‘rise’’ or ‘“‘spawn,”’ was placed in the 
‘*spawning’’ category. Exposure to the spawning pair during 
the last 30 min of the test induced spawning in only two 
previously unresponsive animals. 

The effect of brain lesions on the ratio of spawning:non- 
responding males was examined in two ways. In the first 
analysis, animals were grouped together if at least 25% of the 





BRAIN LESIONS AND FISH SPAWNING BEHAVIOUR 


© MALES SPAWNING 


9 
























































NUCLEUS LESIONED 

FIG. 1. Percentage of male goldfish spawning that were either sham 
operated (n=10), sham lesioned (n=34), or lesioned (n=27) in var- 
ious brain nuclei. (n)=number of fish with >25% of the nucleus 
destroyed. p=calculated by Fisher’s exact test, one-tailed, only 
significant values shown. NPO=nucleus preopticus; NPP=nucleus 
preopticus periventricularis; Vp=area ventralis telencephali pars 
postcommissuralis; Vs=area ventralis telencephali pars sup- 
racommissuralis; Vv=area ventralis telencephali pars ventralis. 


volume of a particular nucleus was destroyed, although the 
lesions need not have destroyed a similar region within that 
nucleus. If a lesion destroyed at least 25% of two (or more) 
nuclei, then that fish was assigned to two (or more) groups. 
For each nucleus, the spawning:nonresponding ratio for 
brain lesioned males was compared to that ratio for the ap- 
propriate sham lesioned group (Fisher’s exact test, one- 
tailed). As shown in Fig. 1, lesions in the area ventralis tel- 
encephali pars ventralis (Vv; p=0.002) or the area ventralis 
telencephali pars supracommissuralis (Vs; p=0.07) reduced 
the percentage of spawning males, while lesions in the area 
ventralis telencephali pars postcommissuralis (Vp), nucleus 
preopticus periventricularis (NPP), or nucleus preopticus 
(NPO) had no effect. The percentages for the sham operated 
and sham lesioned groups were not different. 

A second analysis was done to localize the effective area 
more precisely within the nuclei and to incorporate data from 
animals with lesions destroying less than 25% of any nucleus. 
In this case, a grid was superimposed upon a _ near- 
midsagittal outline of the goldfish forebrain, with each grid- 
unit representing a 53x53 um square of tissue along the 
Sagittal plane. For each grid-unit, the ratio of spawning:non- 
responding males was calculated for the group of fish con- 
taining lesions in that area and tested against the spawn- 
ing:nonresponding ratio of the sham operated controls 
(Fisher’s exact test, one-tailed). In this way, probability val- 
ues for the equality of the two ratios were generated across 
the forebrain grid. The results (Fig. 2) show that lesions in 
the Vs and only the posterior portion of the Vv (pVv) signifi- 
cantly reduced the number of males spawning. 

Sexually active brain lesioned and sham lesioned fish of 
any nuclear category did not differ in either the latency to the 
onset of *‘following’’ or the intervals between ‘‘following”’ 
and the three other behaviours. Furthermore, although this 
was not experimentally tested, lesioned males did not appear 
to differ obviously from sham lesioned or sham operated 
males in other aspects of their behaviour, such as feeding, 
startle response, and general swimming activity. 


[_]p> 0.1 
[ ]p<0.1 
Ee] p< 0.05 


p < 0.01 


FIG. 2. Parasagittal outline of the goldfish brain 50 um lateral to the 
midline; numbers above the drawing refer to the atlas of Peter and 
Gill [37]. Shading indicates brain areas that, when lesioned, have 
equal probabilities of reducing the proportion of spawning males 
relative to sham operated controls, as calculated by Fisher's exact 
test, one-tailed. Analysis based on 38 lesioned and 10 sham operated 
males. AC=anterior commissure; NAPv=nucleus §anterioris 
periventricularis; ON=optic nerve; Vd=area ventralis telencephali 
pars dorsalis; other abbreviations as in previous figure 


Mean GSI values for the 8 groups increased from 2.03 in 
early October to 4.17 in February. Because not all fish as- 
signed to the same nuclear category came from the same 
experimental group, GSI values within and between nuclear 
categories could not be meaningfully compared. However, 
there was no difference between the GSIs of spawning and 
nonresponding males within each experimental group. For 
the sexually active animals, there was no correlation be- 
tween GSI and the latency to any activity. 

A problem in the interpretation of this experiment is that 
secondary damage to the dorsal telencephalon or interrup- 
tion of fibres of the anterior commissure that occasionally 
occurred as a result of some of the lesions may have con- 
tributed to the observed behavioural deficits. This problem 
was circumvented by the procedural changes of Experiment 2 


EXPERIMENT 2 


METHOD 


To test the hypothesis, generated by Experiment |, that 
an intact supracommissural ventral telencephalon is required 
for the normal expression of male spawning behaviour in 
goldfish, sexually active males were either brain lesioned 
(n=21) or sham lesioned (n= 10) in this area. Disturbance of 
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WEEKS AFTER SURGERY 
FIG. 3. Percentage of sham lesioned (S) or Vs-posterior Vv (Vs- 
pVv) lesioned (L) male goldfish showing either the complete spawn- 
ing sequence or only courtship behaviour at weekly intervals after 
surgery. (n)=sample size. p=calculated by Fisher's exact test, one- 
tailed. 


the anterior commissure and secondary damage to the dorsal 
telencephalon were avoided by the use of modified electrode 
coordinates and a lower lesioning voltage (65 V), as com- 
pared to Experiment | (90 V). The fish were retested for 
spawning behaviour |, 2, 3, 4, and 7 weeks postoperatively, 
although not all animals were tested on weeks 4 and 7; this 
gave a total of 135 animal-tests. After the final behavioural 
test for each group, the animals were killed and the brains 
and testes removed. Data from any fish that became ill dur- 
ing the course of the experiment were excluded. This exper- 
iment extended from January to April. 


RESULTS 


As in Experiment 1, most of the behavioural tests 
(122/135) of the lesioned and sham lesioned fish could be 
readily assigned to either ‘“‘spawning”’ or ‘‘nonresponding”’ 
categories. Of the 13 tests where animals showed partial re- 
sponsiveness, there were 9 designated as ‘‘courting only’’, 
where only ‘‘following’’ and ‘‘quivering’’ occurred, and 4 
designated as ‘‘nonresponding’’, where only fragmentary 
‘‘following’’ was seen, such as that which often occurs in a 
nonsexual context. 

Figure 3 shows that there was a reduction lasting 3 weeks 
in the proportion of lesioned males showing at least ‘‘fol- 
lowing”’ and *‘quivering’’ and a 4 week reduction in the pro- 
portion of those showing the complete spawning sequence, 
as compared to sham lesioned controls (Fisher’s exact test, 
one-tailed, p<0.05). On the seventh week, these two pro- 
portions are neither statistically different from the sham 
value for that week or the lesioned values for previous 
weeks. 

Fish were not always consistent in their behaviour from 
test to test; of the 21 lesioned animals, 6 failed to spawn on 
any test, 3 spawned on every test, and the remaining 12 
spawned on some tests but not others. In Fig. 4, the percent- 
age of tests in which an individual performed the complete 
spawning sequence is plotted against the volume of the target 
area lesioned (Vs-pVv, as defined in Fig. 2); sham lesioned 
animals were included as those having 0% volume of this 
area destroyed. A negative correlation (Spearman’s rank 
correlation, one-tailed, p<0.001) was found between the 
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FIG. 4. Correlation between the percentage of tests in which spawn- 
ing occurred and the volume of the Vs-pVv area destroyed. 
R,=Spearman’s rank correlation coefficient, one-tailed test. 


volume of the Vs-pVv area lesioned and spawning consis- 
tency. The lesion locations of the most severely impaired 
animals, those which failed to spawn on all or all but one of 
their tests, are shown in Fig. 5 and can be seen to involve the 
supracommissural portion of the ventral telencephalon that 
contains the Vs, posterior Vv, and adjacent parts of the area 
ventralis telencephali pars dorsalis (Vd). Figure 6 is a 
photomicrograph of a lesion that destroyed most of the Vs 
and parts of the pVv. The less severely impaired fish gener- 
ally had smaller or dorsally displaced lesions, which resulted 
in less destruction of the target area. 

As in Experiment 1, the latency to the onset of *‘follow- 
ing’ and the interval between *‘following”’ and ‘‘quivering,” 
‘rising,’ or “‘spawning’’ were not different between sexu- 
ally responding lesioned and sham lesioned fish on any 
week. The GSI values were also unaffected by brain lesion- 
ing, being (mean+S.E.) 3.56+0.38 for the lesioned fish and 
3.52+0.60 for the shams. 


GENERAL DISCUSSION 


Experiment | examined the effects of lesions placed in 
various medial ventral telencephalic and preoptic nuclei on 
the spawning behaviour of male goldfish. Two separate 
criteria were used to assign fish to lesion treatment groups: 
similarity of the nucleus into which the lesion fell, which 
assumes functional uniformity within a nucleus (Fig. 1) and 


similarity of position, which is independent of any 
anatomically defined boundaries (Fig. 2). The former 
analysis found that only lesions in the Vv or Vs reduced the 
proportion of spawning males, while the latter identified just 
the supracommissural portion of the ventral telencephalon 
(Vs-pVv), an area known to concentrate *H estradiol in 
goldfish [22], as the effective region. 

The lack of effect of preoptic lesions does not negate a 
role for this site in spawning behaviour. No lesion of the NPP 
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FIG. 5. Outlines of the extent of the lesioned areas in fish with severe spawning impairment as determined by weekly spawning tests. The 
distance between each cross-section is 0.2 mm; numbers above each drawing refer to standard brain outlines adapted from the atlas of Peter 
and Gill [37]. OC=optic chiasma; Vl=area ventralis telencephali pars lateralis; other abbreviations as in previous figures 


or NPO destroyed more than half of the nucleus; perhaps 
larger lesions would have had an effect. Few of these lesions 
overlapped the same space, creating small sample sizes in 
the preoptic grid-squares used to calculate Fig. 2 and, there- 
fore, a high chance of accepting a false null hypothesis. Simi- 
larly, if the assumption behind Fig. | (uniformity of nuclear 
function) was not met, then the apparent ineffectiveness of 
NPP or NPO lesions may be because the appropriate subre- 
gion within the nucleus was rarely destroyed. However, 
support for this assumption is given by the observations that 
the effects of lesions on the spawning reflex of killifish [29] or 
the mating behaviour of male rats [26] could not be attributed 
to the destruction of any particular subregion of the preoptic 
nucleus. It may be, as Demski and Hornby [11] have 
suggested, that the preoptic area controls the reflexive as- 
pects of spawning, such as sperm release, while the sup- 
racommissural telencephalon is involved in mediating sexual 
arousal. Unfortunately, sperm release was not determined in 
this study. 

In Experiment 2, Vs-pVv lesions reduced the proportion 
of fish spawning for at least four weeks postoperatively. The 
negative correlation between consistency of spawning and 
lesion size and the fact that even relatively small lesion vol- 
umes resulted in fish with spawning behaviour deficits 
suggests that the supracommissural portion of the telen- 
cephalon is a critical area for spawning regulation. There 
may have been some behavioural recovery on week 7, al- 
though the smaller size of the sham lesion group on weeks 4 
and 7 makes such a conclusion tentative. Paradise fish 


FIG. 6. Photomicrograph taken at the anterior-posterior coordinate 
of approximately +1.6 [37] of a supracommissural lesion in the 
goldfish telencephalon. Magnification=32. Dm=area dorsalis tel- 
encephali pars medialis; other abbreviations as in previous figures 
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showed some recovery of spawning behaviour 7 and 9 weeks 
after telencephalon ablation [19] and regeneration of axons 
has been observed following telencephalon wounds in 
goldfish [4]. 

This study does not provide any information regarding the 
mechanism of action of Vs-pVv lesions in blocking spawning 
behaviour. Gonadosomatic index measurements indicated 
that some factor other than testicular condition accounted 
for the differences in behaviour between brain lesioned and 
sham lesioned or sham operated fish, although testes weight 
may not have reflected changes in androgen or gonadotropin 
levels. It is also unlikely that the lesions destroyed the motor 
capabilities for spawning, as two-thirds of the lesioned males 
in Experiment 2 performed all components of spawning be- 
haviour on at least one of their weekly tests. The finding that 
either the full sequence or complete absence of the spawning 
sequence was seen for the majority of lesioned animals, 
suggests that the lesions resulted in a failure to initiate court- 
ship, perhaps by causing a lowered arousal for general activ- 
ity or specifically for reproductive behaviour and its activat- 
ing stimuli. 

Aronson [2,3] proposed that the teleost telencephalon 
functions as a nonspecific arouser of behaviour organized 
elsewhere in the brain. While this hypothesis may account 
for many of the behavioural deficits of telencephalon ablated 
fish, it does not predict that differential decrements in varous 
reproductive behaviours would occur [40,44] or that some 
social behaviours would be unimpaired following telencepha- 
lon ablation [1, 18, 19]. Although no nonsexual behaviours 
were measured in our study, the fact that the latency pa- 
rameters for courtship and spawning recorded during the 90 
min test were not different between responding lesioned 
males and controls suggests that supracommissural telence- 
phalic lesions disrupted spawning behaviour specifically, 
rather than depressing the general activity seen under our 
experimental conditions. 

Telencephalic lesions may interfere with spawning be- 
haviour by impairing the perception of sexual cues. For 
example, telencephalon ablated male cichlids (Hemihaplo- 
chromis philander) were unable to visually distinguish be- 
tween males and females [40], and, although earlier experi- 
ments failed to find any components of spawning behaviour 
in telencephalon ablated male paradise fish [6, 20, 43], some 
of these activities were seen in later studies that used females 
showing a higher intensity of prespawning behaviour 
towards the male [19]. In the goldfish, a pheromone released 
by ovulated females acts as an important stimulant for male 
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courtship, as anosmia resulted in a marked decrease in male 
sexual behaviour [35]. Also, olfactory tract section reduced 
male courtship of unovulated, PG-treated females, suggest- 
ing that PG-treatment renders a fish sexually attractive by 
inducing the appropriate odor, as well as the behaviour 
(Stacey and Kyle, unpublished observations). Since recip- 
rocal connections exist between the olfactory bulbs and ven- 
tral telencephalon in goldfish [34], supracommissural telen- 
cephalic lesions may have reduced male courtship of PG- 
treated females by disrupting the processing and relaying of 
critical olfactory information. In this regard, the supracom- 
missural telencephalon may be analogous to the medial por- 
tion of the corticomedial amygdala of rodents, which is an 
androgen-binding brain area that receives input from the 
vomeronasal organ via the accessory olfactory bulb and pro- 


jects to the medial preoptic-anterior hypothalamic area [41]. 


In hamsters, perception of sexual chemosensory information 
and performance of male sexual behaviour depends upon the 
integrity of this system, as vomeronasal deafferentiation [39] 
or lesions of the medial amygdaloid nucleus [27] resulted in 
severe mating deficits. The homologies between the amyg- 
dala and various ventral telencephalic nuclei of teleosts that 
have been proposed by other workers [14, 32, 33] are consis- 
tent with the hypothesis that lesions of the Vs-pVv reduce 
sexual behaviour by reducing olfactory input. 

While disruption of olfactory processing may have con- 
tributed to the spawning impairment seen after brain lesion- 
ing, we also propose that the supracommissural telencepha- 
lon (Vs-pVv) has a more complex function than simply relay- 
ing olfactory information. For example, whereas PG-induced 
spawning behaviour in female goldfish is relatively unaf- 
fected by olfactory tract section, both female (unpublished 
observations) and male sexual behaviour are reduced follow- 
ing Vs-pVv lesions, demonstrating that the Vs-pVv plays an 
important role in the spawning behaviour of both sexes, even 
though only the behaviour of the male is heavily dependent 
upon olfactory input. 
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LAI, Y.-Y. AND S. H. H. CHAN. Shortened pain response time following repeated algesiometric tests in rats. PHYSIOL. 
BEHAV. 28(6) 1111-1113, 1982.—Administration of the hot-plate test once every week for 5 to 8 weeks resulted in a 
progressive shortening of pain response time in spontaneously hypertensive, normotensive Wistar-Kyoto and Charles 
River rats. Furthermore, this gradual change in nociceptive response did not appear to be affected by the strain, degree of 
maturity, or blood pressure status of the animals. It is speculated that re-exposure of the rats to the same algesiometric test 
may result in ‘‘learning,”’ habituation or anticipatory escape behavior. 


Hyperalgesia Repeated hot-plate test 





A COMMON behavioral procedure used in recent years for 
pain sensitivity detection or drug analgesic potency assess- 
ment invariably entails introducing a noxious input to an 
animal and measuring the latency of a pre-determined re- 
sponse. Included in this experimental paradigm are 
algesiometric tests such as hot-plate test [1, 2, 4, 6, 7], tail- 
flick test [3,4], flinch-jump test [8] or Formalin test [4]. In 
many studies, the same nociceptive test was repeated on the 
animal, for example, to obtain an averaged latency meas- 
urement, or to evaluate the temporal efficacy of a drug. Such 
practice, however, raises the question of whether learning or 
adaptive behavior has been instituted during the process. 

Jacob [7] examined the possible effect of ‘‘learning’’ by 
performing four hot-plate tests over a two-day period. He 
concluded that re-exposure of the animal to the same testing 
procedure allows the escape reaction in response to the hot 
plate to become an avoidance reaction after several trials. 
Using the flinch-jump test, Jensen et a/. [8] also reported that 
in both young and old F344 mice, the threshold electric cur- 
rent required to elicit a jumping pain response drops to about 
60% of the initial value in at least 11 subsequent series of 
shocks. 

It appears that heightened nociceptive response exists with 
re-exposure to the algesiometric test, when administered 
relatively close to one another. The present study was car- 
ried out to delineate whether shortened response latency still 
occurs in rats following weekly deliverence of nonciceptive 
tests. We were also interested in identifying the roles of 
strain or degree of maturity of the rats on such changes. 
Since there are now reasons to believe that pain threshold 
and blood pressure status are related [10], we have included 
spontaneously hypertensive rats in our investigation. 





‘Please send reprint requests to Dr. Samuel H. H. Chan. 


METHOD 


Animals 


Male spontaneously hypertensive (SHR, Okamoto-Aoki 
strain), their genetically compatible normotensive (WKY, 
Wistar-Kyoto strain), and Charles River (CRR) rats were 
used. Their age and body weight at the beginning of the study 
were respectively: SHR: 50 days, 140-150 g; WKY: (group 
1) 50 days, 140-150 g, (group 2) 150 days, 300-320 g; CRR: 
150 days, 330-350 g. All animals were allowed at least two 
weeks to stabilize in the department animal facilities after 
delivery by the commercial supplier. They were maintained 
on a 12-hour light-dark cycle, with free access to food and 
water, throughout the study. 


Algesiometric Test 

The nociceptive response of the animal was evaluated 
with an analgesia meter (Technilab Instruments, model 475). 
Basically, a rat was placed on an enamel-coated metal sur- 
face (25.5 cm x 27.0 cm) that was heated and maintained 
uniformly at 55°C, and observed through a Plexiglas cover 
(30 cm xX 30cm Xx 16 cm). The time taken for the animal to 
respond to such noxious heat stimulus by licking any of the 
paws was designated the hot-plate latency. To avoid tissue 
damage, a cut-off time of 60 sec was imposed. 


Experimental Procedure 


On the day of experiment, the animals were transported 
to the same testing room where the hot-plate latency was 
measured throughout the study. All data were collected be- 
tween 13:00 and 15:00 to eliminate the putative chronologic 
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influences on our results [9]. A total of five or eight 
algesiometric tests were conducted on the same group of 
rats, separated by 7 days between trials. To prevent acute 
adaptation, the hot-plate response of the animal was evalu- 
ated only once during each test. 


RESULTS 


Figure | depicts the results of repeated algesiometric tests 
on the pain response of age-matched SHR (N=7) and WKY 
(N=7) rats. Both groups exhibited a progressive reduction, 
over time, in the hot-plate latency. Using the same experi- 
mental paradigm on older, but age-matched WKY (N=12) 
and CRR (N=12) rats produced similar results. When sub- 
jected repeatedly to the same nociceptive test, the animals 
also manifested advancing decline in the time taken to re- 
spond to noxious heat stimulation (Table 1). 

The trend of such progressive reduction in pain response 
time following repeated algesiometric tests did not appear to 
be affected by strain, age (based on the two age groups used) 
or blood pressure status of the rats. Very high and significant 
values of correlation coefficient were obtained when com- 
paring all four groups of rats used in this study against one 
another (Table 2). 

Limited exploration with acute repetition of algesiometric 
tests indicated that shortening in pain response time also 
took place. For example, the hot-plate latency of a group of 
SHR (N=6) rats was significantly (p<0.01) reduced from 
54.2+3.4 to 33.3+4.4 sec (mean+SEM) when the tests were 
administered 45 min apart. 

Another finding in the present investigation was the exist- 
ence of differential pain sensitivity among the SHR and 
WKY rats. Superimposed on the gradual increase in pain 


response, the hot-plate latency of SHR rats, at any of the 
eight trials, was significantly (p><0.01 and 0.001) higher than 
the WKY rats (Fig. 1). 


DISCUSSION 


The present study revealed that repeated exposure of rats 
to the hot-plate test resulted in a progressive shortening of 
pain response latency. While agreeing with the observations 
of other investigators [6, 7, 8], our data showed that this 
phenomenon could persist over a period of at least 5-8 
weeks, when an algesiometric test was administered once 
weekly. It is also interesting to note that the trend of gradual 
reduction in hot-plate latency following repeated nociceptive 
tests did not appear to be affected by the strain, degree of 
maturity, or blood pressure status of the rats. These latter 
findings greatly reduced the chance that our observation was 
an isolated event. 

One possible explanation for our results is that some 
‘‘learning’’ process may have been instituted in the rats. 
Jacob [7] suggested that the modification of behavior intro- 
duced by re-exposing the animal to the same testing proce- 
dure (hot-plate) is a rapid ‘“‘learning’’ under stress condi- 
tions. Gebhart et al. [6] discussed that such ‘‘learning”’ be- 
havior is triggered when re-exposure of the animal to the 
hot-plate is coupled with a reinforcement, namely removal 
from the heated surface upon exhibition of a pre-determined 
response (paw-licking). 

Habituation to repeated noxious stimuli may also account 
for our observations. Bardo and Hughes [2], for example, 
showed that rats exposed to a nonfunctional hot-plate for 
four days exhibited decreased paw-lick latency when tested 
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FIG. 1. Hot-plate latencies of SHR and WKY rats obtained from 
eight consecutive algesiometric tests, each separated by 7 days. Rats 
were 50 days old at the beginning of the study. In the student’s f-test 
comparing the pain responses of the two strains for any trial, 
*p<0.01, **p<0.001. 


on a heated surface. They attributed this ‘behavioral 
tolerance’ to habituation to novel distractive stimuli asso- 
ciated with the testing environment. 

A third possibility exists for the rats to acquire an 
anticipatory escape behavior. After repeated exposures to 
the hot-plate, animals may conceivably cease to respond to 
the full impact of the noxious stimulus. Through anticipa- 
tion, they may react to a ‘‘warm”’ stimulus before it reached 
the noxious range. 

The differential pain sensitivity observed between SHR 
and WKY rats is of interest. Zamir and Segal [10] showed 
that experimentally-induced renal hypertensive rats exhibit a 
closely related increase in both arterial blood pressure and 
pain threshold. An acute rise in arterial blood pressure by 
systemic infusion of phenylephrine in conscious rats also 
impairs escape/avoidance performance [5]. There are now 
even indications that hypertensive patients have a higher 
threshold for pain sensation than normotensive controls [11]. 

Our present findings may have immediate bearings to in- 
vestigations involving pain sensitivity measurements or drug 
analgesic potency evaluations, particularly when an 
algesiometric test is repeated on the same group of animals 
over a long period of time. The manifested progressive 
hyperalgesia must be taken into consideration in assessing 
the experimental results. 





HYPERALGESIA AFTER REPEATED PAIN TESTS 


TABLE | TABLE 2 


HOT-PLATE LATENCY (SEC) CHANGES* AFTER REPEATED CORRELATION* OF ENHANCED PAIN RESPONSES AMONG 
ALGESIOMETRIC TESTS RATS TESTED? 





Trial Number WKY? *RR* WKY(50) vs SHR(50) 0.9506 0.01 
WKY(150) vs CRR(150) 0.9061 <0.02 
20.0 + 2.6 WKY(50) vs WK Y(150) 0.9560 0.01 
17.7+47 WKY(50) vs CRR(150) 0.9204 0.01 
14.0 + 1.5 “2 SHR(50) vs WK Y(150) 0.9708 0.001 
13.6 + 1.7 SHR(50) vs CRR(150) 0.9267 p<0.01 


12.6 + 0.9 








“Computation of correlation coefficient and significance was 
based on the first five trials for all groups. 


*Expressed as mean + SEM. ; . . 
+Rats were 150 days old at the beginning of the study. N=12 ‘Number in bracket denotes the age of rats at the beginning of the 
; . ith ce study. 





ACKNOWLEDGEMENTS 


This study was supported in part by a grant-in-aid from the 
American Heart Association, Indiana Affiliate, Inc. We thank Mr 
Anthony J. Brentlinger of the Audio-Visual Service, Indiana State 
University, for photography. 


REFERENCES 


1. Ankier, S. I. New hot plate tests to quantify antinonciceptive . Gebhart, G. F., A. D. Sherman and C. L. Mitchell. The influ- 
and narcotic antagonist activities. Eur. J. Pharmac. 27: 1-4, ence of learning on morphine analgesia and tolerance develop- 
1974, ment in rats tested on the hot plate. Psychopharmacologia 22: 

. Bardo, M. T. and R. A. Hughes. Exposure to a nonfunctional 295-304, 1971. 


hot plate as a factor in the assessment of morphine-induced 7. Jacob, J. Some effects of morphine adaptive and learning behav- 


analgesia and analgesic tolerance in rats. Pharmac. Biochem. ior. In: Psychopharmacological Methods, edited by Z. Votava, 
Behav. 10: 481-485, 1979. J. Horvath and M. Vinar. New York: Macmillan, 1963, pp. 
. D'Amour, F. E. and D. L. Smith. A method for determining loss 70-79. 
of pain sensation. J. Pharmac. exp. Ther. 72: 74-79, 1941. . Jensen, R. A., R. B. Messing, V. R. Spiehler, J. L. Martinez, 
. Dennis, S. G. and R. Melzack. Pain modulation by Jr., B. J. Vasquez and J. L. McGaugh. Memory, opiate recep- 
5-hydroxytryptaminergic agents and morphine as measured by tors and aging. Peptides 1: Suppl. 1, 197-201, 1980 
three pain tests. Expl Neurol. 69: 260-270, 1980. . Wesche, D. L. and R. C. A. Frederickson. Diurnal differences 
. Dworkin, B. R., R. J. Filewich, N. E. Miller, N. Craigmyle and in opioid peptide levels correlated with nociceptive sensitivity 
T. G. Pickering. Baroreceptor activation reduces reactivity to Life Sci. 24: 1861-1868, 1979 
noxious stimulation: Implications for hypertension. Science . Zamir, N. and M. Segal. Hypertension-induced analgesia 
205: 1299-1301, 1979. Changes in pain sensitivity in experimental hypertensive rats 
Brain Res. 160: 170-173, 1979. 
. Zamir, N. and E. Shuber. Altered pain perception in hyperten- 
sive humans. Brain Res. 201: 471-474, 1980. 








Physiology & Behavior, Vol. 28, pp. 1115-1116. Pergamon Press and Brain Research Publ., 1982. Printed in the U.S.A. 


An Inexpensive Restraint 
for Small Animals 


CHRISTINE M. LAYTON AND MARYLOU CHEAL'! 
Neuropsychology Laboratory, McLean Hospital and Harvard Medical School, Belmont, MA 02178 


Received 27 January 1982 


LAYTON, C. M. AND M. L. CHEAL. An inexpensive restraint for small animals. PHYSIOL. BEHAV. 28(6) 1115-1116, 
1982.—An animal restraint is described that can be built in the laboratory from a piece of Plexiglas and a few inches of 
Velcro. 


Animals Surgical apparatus 





THE animal restraint described here is a simple device that 
can be made of a small piece of Plexiglas, or any rigid, wash- 
able material provided it can be drilled. It is used for restrain- 
ing small laboratory animals (mice, gerbils, hamsters, etc.) 
during surgical procedures. It does not, of course, replace 
anesthesia, but prevents reflexive movement and holds the 
animal in position. In our laboratory, it facilitates surgery 
and is beneficial to the animals as surgery is shorter and less 
traumatic than with alternative methods. 


METHOD 


We made the base of Plexiglas, 3 mm thick. Holes were 
drilled as in Fig. 1A. The piece of Plexiglas used was larger 
than necessary (21 cm x 36.5 cm), but it is convenient for 
placement of surgical instruments. The straps were made of 
Velcro, an inexpensive material which is available at most 
fabric stores. Velcro consists of two pieces with different 
surfaces that grip each other. We will designate these sur- 
faces as x and y (Fig. 1C). The Velcro was cut into | cm x 
12.5 cm strips for the legs, and two 6-cm strips sewn together 
for the head (Fig. 1B). The measurements can be varied 
depending on the size of animal to be used. 

The straps are fastened snugly over the animals legs and 
loosely around the head by pressure to the two ends of Vel- 
cro. The ends are pushed together rather than overlapping 
each other so as to allow adjustment of the straps away from 
the area of surgical procedures. 


RESULTS AND DISCUSSION 


We have been using the same restraint for five months 
with no service other than washing under the faucet. Animal 
hair and surgical debris rinse off easily. The restraint can be 
placed on a heating pad or under lights to maintain body 
temperature of the animal. The restraint has proven to be 
remarkably helpful considering its simplicity. 





'Send reprint requests to Dr. MaryLou Cheal, Neuropsychology Laboratory, McLean Hospital, Belmont, MA 02178. 
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FIG. 1. A. Diagram of animal restraint made of 3 mm Plexiglas with ten 5-mm holes drilled with 1/4 
inch twist drill. Velcro strips are placed under the Plexiglas (dashed lines) and brought to the top 
through the holes. The measurements are the correct distances between the centers of the holes for use 
with adult gerbils. a, head strap; the stitching is enlarged in B to show how two separate strips of 
Velcro are juxtapositioned so that the smooth surface of one is contiguous with the gripping surface of 
the other; b-x, strap for forelegs made of Velcro surface x; b-y, strap for forelegs made of Velcro 
surface y; c-x, strap for hindlegs made of Velcro surface x; c-y, strap for hindlegs made of Velcro 
surface y. C. When pressure is applied, one Velcro strip (x) attaches to the other (y). 
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ALBERT, D.J.,M. L. WALSH, J. RYAN AND Y. SIEMENS. A comparison of the effect of preoperative gentling on the 
mouse killing and reactivity induced by. lesions of the lateral septum, the medial accumbens nucleus, and the medial 
hypothalamus. PHYSIOL. BEHAV. 28(6) 1117-1120, 1982.—Adult male rats were either gentled or not gentled 10 min each 
day for 5 days and then subjected to lesions of the lateral septum, the medial accumbens, the medial hypothalamus, or were 
given sham lesions. Mouse killing was tested in the living cage on Days 2, 7, and 14 postoperatively while reactivity to the 
experimenter was tested on Days 3, 8, and 15. The frequency of killing in the gentled groups was always significantly higher 
than that of the gentled sham-lesion controls, but the frequency of killing by the nongentled groups was seldom significantly 
higher than that of the nongentled sham-lesioned controls. Gentling caused a slight enchancement of killing in the lesioned 
animals and a slight attenuation of killing in the sham lesioned animals. Preoperative gentling attenuated reactivity to the 
experimenter in animals with lesions of the lateral septum but not in those with lesions of the medial accumbens nucleus or 
the medial hypothalamus. The observation that preoperative gentling tends to increase mouse killing confirms previous 
observations. The finding that preoperative gentling attenuates reactivity following septal but not medial accumbens or 
medial hypothalamic lesions suggests that these structures subserve different functions in the inhibitory modulation of 


defensive behavior. 


Aggression Defensiveness Lateral hypothalamus Medial accumbens Medial hypothalamus 
Mouse killing Predation Reactivity 


PREOPERATIVE gentling has been reported to produce no METHOD 
attenuation of the hyperreactivity induced by lesions of the 
lateral septum or of the medial accumbens nucleus [3]. Ac- 
cordingly, it is surprising that preoperative gentling has also 
been reported to increase the mouse killing induced by le- 
sions in the lateral septum or the medial accumbens nucleus 
[4]. The effect is small but consistent. 

In view of these contrasting effects of preoperative gen- 
tling on postoperative reactivity and mouse killing following 
septal and medial accumbens lesions, the present experiment 
undertook to reexamine them. In addition, the influence of 
preoperative gentling on these behaviors following medial 
hypothalamic lesions was also examined. 


The subjects were 111 male hooded rats (Charles River, 
Canada) weighing 250 to 350 g. They were housed in group 
cages prior to the experiment and thereafter in individual 
cages. Lighting was a 12/12 hr normal light/dark cycle and all 
testing was done during the light phase. 

The experiment was done in two parts. In each part, 
the animals were randomly divided into two groups. Rats in 
the first group were individually gentled for 10 minutes a day 
for 5 days. Rats in the second group were left in their cages 
during the gentling period. Gentling was done in a 60 x 60x60 
cm high gray box with an open top and dried corn chips 





‘Supported by a grant from the Natural Sciences and Engineering Research Council of Canada. Send reprint requests to D. J. Albert, 
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(Sani-Cel) on the floor. During the 10 min gentling period, 
each animal was repeatedly picked up, stroked, and put 
down. 

Following the period of gentling, the animals of each 
group were either subjected to lesions or were given sham 
lesions. In Part I, the lesions were in the lateral septum. In 
Part II, the lesions were in the medial accumbens nucleus, or 
the medial hypothalamus. 

Bilateral lesions were made with the aid of a Kopf 
Stereotaxic Instrument and standard surgical procedures. The 
coordinates for the lesions were as follows: lateral septum, 2.0 
mm anterior to bregma, 0.7 mm lateral to the midline, and 5.5 
mm ventral to the cortical surface (mouth bar 5.0 mm above the 
interaural line, lesioning current: 2.0 mA; 40 sec); medial 
accumbens, 2.9 mm anterior, 0.9 mm lateral, and 6.9 ventral 
(lesioning current: 2.0 mA; 23 sec); medial hypothalamus, 
0.0 mm anterior, 0.7 mm lateral, 9.2 mm ventral to the corti- 
cal surface (2.0 mA; 23 sec). 


Behavioral Testing 


Behavioral testing of mouse killing was done on Days 2, 
7, and 14 postoperatively. Testing for reactivity to the exper- 
imenter was done on Days 3, 8, and 15 postoperatively. The 
test for mouse killing was accomplished by simply dropping 
a preweighed adult albino mouse (about 30 g) into the rat’s 
living cage. If a kill occurred within the 15 min test period, 
the latency to kill was recorded and the dead mouse was left 
in the cage for a further 10 min in order to assess eating of the 
prey. 

Reactivity to the experimenter was tested in the same 
chamber that had been used for gentling and by the same 
individual that had gentled the animal. For this testing, the 
rat was exposed to a series of stimuli to which a normal rat 
shows little or no response. The rat’s response to these 
stimuli was scored on a scale of 0 to 3, 0 being no response 
and 3 being a highly defensive response. For details of this 
procedure see [1, 3, 4, 5, 7, 8]. 

In part I, testing was by persons unfamiliar with the signif- 
icance of the various outcomes. In Part II, all testing was 
done blind. 


Histology 


Following behavioral testing, the brain of each animal 
was removed and subsequently stained with cresyl-violet. 


RESULTS 
Part I: Septal Lesions 


The frequency of killing by the gentled but not the 
nongentled lesioned group was significantly higher than that 
of the corresponding sham-lesioned control group on each of 
the three test days (overall contingency test for each day, all 
x?>8.5, p<0.05; individual paired comparisons with Fisher’s 
Exact Probability Test, see Table 1). The killing frequency 
by the nongentled animals with septal lesions was not signifi- 
cantly higher than that of the nongentled sham group be- 
cause of the relatively high killing frequency in this sham 
group (30%, Table 1). 

Reactivity to the experimenter was significantly increased 
above the level of the sham-operated animals in both the 
gentled and nongentled groups on Day 3, F(3/44)=19.0, 
p<0.01; all t’s>2.5, all p’s<0.05; see Table 2. However, the 
reactivity of the gentled lesion group was also significantly 
lower than that of the nongentled lesion group, t=2.5, 
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TABLE 1 


A COMPARISON OF MOUSE KILLING IN RATS THAT EITHER WERE 
OR WERE NOT GENTLED PRIOR TO LESIONS IN THE LATERAL 
SEPTUM, MEDIAL ACCUMBENS NUCLEUS OR 
THE MEDIAL HYPOTHALAMUS 





Group Day2 Day7_ Day 14 





Part I 
Gentled Lateral Septum 8/12* 9/127 9/127 
Nongentled Lateral Septum 7/14 9/14 9/14 
Gentled Sham 1/11 1/11 1/11 
Nongentled Sham 2/10 3/i9 3/10 
Part II 
Gentled Med Accumbens 
Nongentled Med Accumbens 
Gentled Med Hypothalamus 9/117 9/117 T/T 
Nongentled Med Hypothalamus 6/11* 6/11 6/11 
Gentled Sham 0/10 0/10 0/10 
Nongentled Sham 0/10 3/10 3/10 


T/T 6/11* 6/11* 
$/11* 5/11 4/11 





Significantly different from corresponding sham lesion group, 
*p <0.05, *p<0.01. 


p<0.05, while the sham-operated groups did not differ. The 
reactivity scores of both lesioned groups progressively de- 
clined over days. 

The pattern of results described above suggests that the 
effects of septal lesions on mouse killing and reactivity work 
in opposite directions. However, when the gentled and 
nongentled groups are combined, the mean reactivity scores 
over the three test days for the animals that killed were 7.0, 
5.0, and 3.6. The corresponding reactivity scores for the 
lesioned animals that did not kill were 6.1, 1.7, and 1.3, 
significantly lower than those of the killers on Day 8 
(p <0.02) and Day 15 (p<0.05) but not Day 3 (t-tests). 


Part II: Medial Accumbens and Medial Hypothalamic 
Lesions 


Gentled animals with either medial accumbens or medial 
hypothalamic lesions killed significantly more frequently 
than the gentled sham-lesioned control animals on each of 
the three test days (contingency tests for each day, all 
x?> 11.7, p<0.05; individual comparisons, see Table 1). The 
frequency of killing by the nongentled animals with medial 
hypothalamic lesions was significantly higher than that of the 
corresponding sham-lesioned control group only on Day 2. 
The absence of a significant difference on Days 7 and 14 was 
due to an increase in the killing frequency by the nongentled 
sham-lesioned group. 

Medial hypothalamic and medial accumbens lesions each 
significantly increased reactivity to the experimenter on each 
of the test days (Table 2; all F values>9.9, p<0.01). The 
reactivity levels of the gentled and nongentled lesioned groups 
were not consistently different. 

When the gentled and nongentled groups are combined, 
the mean reactivity scores of the animals that killed mice 
(either medial accumbens or medial hypothalamic lesions) 
were 7.8, 6.9, and 5.9 over the three test days while the mean 
reactivity levels of animals in the same groups that did not 
kill were 5.0, 3.8, and 3.9, significantly lower on each day 
(t-tests, all p’s<0.05). 





PREOPERATIVE GENTLING AND REACTIVITY 


TABLE 2 


A COMPARISON OF REACTIVITY TO THE EXPERIMENTER IN RATS THAT EITHER 
WERE OR WERE NOT GENTLED PRIOR TO LESIONS IN LATERAL SEPTUM, THE 
MEDIAL ACCUMBENS NUCLEUS OR THE MEDIAL HYPOTHALAMUS 





Group Day 3 Day 8 Day 15 





Part I 


Gentled Lat Septum 
Nongentled Lat Septum 


Gentled Sham 


Nongentled Sham 
Part Il 
Gentled Med Accumb 
Nongentled Med Accumb 
Gentled Med Hypothal 
Nongentled Med Hypothal 


Gentled Sham 


4.5 (+1.0)** 
8.5 (+1.2)*t 
1.2 (+0.8) 
1.9 (+0.3) 


8.0 (+1.8)* 
6.5 (+0.7)* 
5.2 (+1.1)* 
7.0 (+1.0)* 
1.2 (+0.4)9 


3.4 (+0.9)* 
4.6 (+0.9)* 
1.1 (+0.5) 
1.6 (+0.3) 


3.4 (+0.6)* 
4.1 (+0.6)* 
6.2 (+0.9)* 
8.5 (+1.3)* 
1.3 (+0.4) 


1.7 (+0.5)3 
3.9 (+0.7)*i 
1.1 (+0.5) 
1.1 (+0.3) 


2.5 (+0.4)*§ 
3.8 (+0.4)*§ 
6.4 (+1.0)* 
7.2 (+0.9)* 
1.1 (+0.4) 


Nongentled Sham 


2.7 (+0.5)9 


1.4 (+0.4) 1.1 (+0.3) 





Means followed by standard error of the mean in parentheses. 
*Significantly different from corresponding sham group, p<0.05. 
+ ,,$,9Significantly different from one another, p<0.05. 


Of the rats with medial hypothalamic lesions 5 exhibited a 
weight gain at least three times as high as the average of the 
sham-lesioned group (mean for the sham group, 36 g over 20 
days). Of these five animals, 3 killed, about the number that 
would be expected from the overall proportion of animals 


with medial hypothalamic lesions that were induced to kill. 
Most of the animals with medial accumbens lesions (and also 
septal lesions) showed slight weight losses over the observa- 
tion period (—6 g and —23 g, respectively). 

The mean amount of the dead prey eaten by the killing 
rats with medial hypothalamic and medial accumbens lesions 
were between one and two g on each day and were not 
significantly different. Looking specifically at the three me- 
dial hypothalamic animals that killed and that gained exces- 
sive weight, the mean amounts of the prey eaten over the 
three test days were 1.9, 2.1, and 1.7 g, amounts similar to 
those consumed by the other animals with medial hypotha- 
lamic lesions. 


Histology 


The septal lesions destroyed the medial septum and all 
but the most ventral, rostral, and posterior portions of the 
lateral septum. The columns of the fornix were always 
spared. The lesions of the medial accumbens nucleus de- 
stroyed most of the region between the vertical arm of the 
diagonal band of Broca and the rostral limb of the anterior 
commissure. The lesions of the medial hypothalamus de- 
stroyed the tissue between the fornix and the medial ventri- 
cle including the ventromedial nucleus, the periventricular 
nucleus, and the ventral aspect or all of the dorsomedial 
nucleus. There were no major differences in the lesions of 
the animals that did and did not kill. 


DISCUSSION 


Lesions of the medial septum, medial accumbens, and 
medial hypothalamus consistently produced a significant in- 
crease in mouse killing only in those groups that had been 


preoperatively gentled. This effect is partially due to a direct 
enhancement of the killing frequency in the gentled and 
lesioned animals and partially the result of a lower level of 
killing in the gentled as opposed to the nongentled sham- 
lesioned control groups. These results are similar to those we 
have obtained previously [4] but their explanation remains to 
be investigated. 

The enhancement of reactivity to the experimenter was 
not altered by preoperative gentling in rats with medial ac- 
cumbens lesions or medial hypothalamic lesions. There was 
a substantial attenuation of reactivity in the rats with lesions 
of the lateral septum (Table 2) but even in these animals the 
level of reactivity was significantly higher than in the control 
animals. 

These observations on reactivity to the experimenter are 
different from those that have been obtained previously. In a 
previous experiment, preoperative gentling did not decrease 
the reactivity induced by septal or medial accumbens lesions 
[3]. Kleiner, Meyer and Meyer [10] have reported that 
preoperative handling does not lower the level of septal 
lesion-induced reactivity although it does result in a more 
rapid postoperative decline. 

The neural regions whose lesion-induced enhancement of 
defensiveness can be attenuated by post-lesion experience 
are not always the same as those whose behavioral effects 
are altered by prelesion experience. Specifically, the 
heightened defensiveness induced by lesions of the lateral 
septum is attenuated by preoperative experience and 
abolished by postoperative experience [1, 2, 5, 6, 11] while 
the similar behavioral change induced by lesions of the me- 
dial hypothalamus is very resistant to the influence of both 
pre- and postoperative experience ([1, 6, 11], however, see 
[9]). The heightened defensiveness induced by lesions of the 
medial accumbens, on the other hand, does not appear to be 
attenuated by preoperative experience but can be abolished 
by postoperative experience [1,2]. Future experiments 
clearly must investigate further the extent to which these 
differences may be quantitative rather than qualitative. 
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